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Preface 


During the late 1960s and 1970s, the commercial availability of ultra-high vacuum 
(UHV) systems allowed the development of a plethora of new techniques which were 
devised to probe materials in a surface-specific fashion, and this in turn led to the 
creation of modern surface science: the study of the structural, electronic and chemical 
properties of extremely well-characterised surfaces on an atomic scale. When David 
King and I first conceived this series of volumes in the later 1970s, our objective was to 
recognise the growing maturity of this new scientific discipline which was already 
starting to apply these techniques in a combined fashion to understand surface proc- 
esses, and indeed we now see them being applied to problems of increasing complexity. 
The present volume, at least in part, follows this trend. Clusters on surfaces certainly 
define a class of systems that are far more complex than traditional low-index single- 
crystal model surfaces, yet are highly relevant to practical applications in areas such as 
heterogeneous catalysis and magnetic materials. Of course, an important issue in 
investigating clusters on surfaces is the influence of the cluster/surface interaction, and 
for this reason studies of naked clusters in the gas phase are also of crucial importance. 
Indeed, clusters — aggregates of typically a few to a few thousand atoms — represent a 
distinct form of matter between atoms and molecules on the one hand and solids on 
the other, and are a fascinating subject for investigation in their own right. Of key 
importance is the influence of confinement on a scale of atomic dimensions, when 
physical and chemical properties may differ significantly from those of either the 
constituent atoms or the bulk solid. This has long been recognised as an issue in 
heterogeneous catalysis and represented an area of ‘nanoscience’ long before the word 
was invented. Perhaps the most striking example of this was the discovery that clusters 
of gold, a material known in its bulk form for its chemical passivity, can be highly 
chemically active and potentially form the basis of excellent catalysts. This specific 
system is addressed in several of the chapter in this volume. Another existing area of 
application of such clusters exploits their magnetic properties in recording media. 
The objective of this volume is thus to bring together authoritative reviews of spe- 
cific topics in both gas-phase and deposited clusters, covering the range of chemical, 
structural, electronic and magnetic properties that underpin their practical impor- 
tance. The chemical reactivity of gas-phase clusters is the focus of the first three 
chapters by Arenz, Gilb and Heiz, by Lang, Popolan and Bernhardt and by Zhai, Li 
and Wang. In Chapters 4 and 5 Burratto, Bowers, Metiu, Manard, Tong, Benz, 
Kemper and Chrétien, and Chen and Goodman then describe studies of this chemical 
reactivity for deposited clusters. This 1s followed by two chapters concerned with the 
electronic structure of gas-phase clusters by Neukermans, Janssens, Silverans and 
Lievens, and by Jellinek and Acioli. One challenge in working with such small species, 
perhaps especially in the gas phase, is to obtain experimental information on the 
structure of the clusters. In Chapter 8 Asmis, Fielicke, von Helden and Meijer describe 
the results of investigations of the vibrational properties of these clusters, a rich source 
of structural information, albeit indirect, while in Chapter 9 Parks and Xing describe 
electron diffraction measurements on gas-phase clusters. In Chapter 10, Castleman 
and Khanna describe their novel ideas for understanding the relationship of the 


xii Preface 


electronic and chemical properties of gas-phase clusters and the idea of designing 
clusters with specific chemical properties, creating a kind of periodic table of clusters. 
Chapters 11-14, by Brune and Rusponi, by Wurth and Martins, by Binns, and by 
Pastor and Dávila, are concerned with the magnetic properties of clusters, covering 
both experimental and theoretical aspects and describing the different approaches 
associated with growing two-dimensional islands on substrates or depositing size- 
selected gas-phase clusters on, or in, surfaces. Finally, in Chapter 15, Smith, Kenny, 
Belbruno and Palmer describe the results of calculations that model the way clusters 
interact with a model substrate when deposited. 


November 2006 D.P. Woodruff 
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Chapter 1 
Size effects in the chemistry of small clusters 


Matthias Arenz, Stefan Gilb and Ueli Heiz” 


Technische Universitat München, Institut für Physikalische Chemie, 85748 Garching, 
Germany 


1. INTRODUCTION 


The playground of material science has been and continues to be the periodic table of 
elements, first introduced by D.I. Mendeleyev in the year 1869 at the Russian Chemical 
Society during his talk “On the relation of the properties to the atomic weights of the 
elements" [1]. Chemists, physicists, and material scientists have learned how to use the 
information summarized in the groups and periods of the periodic table to design new 
molecules and materials with specific properties and well-tuned functionalities. For 
about one to two decades now scientists have been exploring a third, new dimension of 
the periodic table, which is the size-dependent properties of material composed of a 
specific element (see Fig. 1). Many examples have demonstrated that chemical and 
physical properties of matter can be tuned by changing size, shape, and dimensionality. 
Along this third, size-dependent dimension of the periodic table three distinct re- 
gimes can be identified. First, for matter larger than about 100 nm in diameter, the 
material properties are independent of size and many of these properties are sum- 
marized in periodic tables of solid-state physics. The second regime is the scalable size 
regime, defined by nanoparticles with sizes between about 1 and 100 nm. In this range, 
the properties of the nanoparticles as a function of size scale with those of the bulk 
(Fig. 2). As an example, the ionization potential (IP) of metal clusters in the scalable 
size regime can be expressed as a function of size (e.g., number of atoms, N, in the 
nanoparticle) and the work function, W, of the corresponding bulk material: 


IP(N) = W + an! (1) 


with, e.g., W — 2.3eV and a — 2.04eV for potassium (Fig. 3). In another example, the 
melting point of gold nanoparticles in the scalable size regime as a function of the 
radius R is expressed by the following scaling law: 


Tm(R)/K = 1336.15 — 5543.65(R/À) ! Q) 
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Figure 1: The chemical and physical properties can be summarized in the periodic table with its groups and 
periods of elements. A third coordinate along which the properties of matter are changing is the coordinate 
of size. Shown is the mass spectrum of sodium clusters with the magic numbers at Nay (N = 8, 20, 34, 40, 
58), which can be explained within the frame of the jellium model. The magic sizes correspond to electronic 
shell closings predicted at 2, 8, 18, 20, 34, 40, 58,.... As an example, PES for Najg, Na»o, and Na»4 are 
depicted, revealing the filling of subsequent shells (1d, 2s, 1f) as a function of size. (Data taken from 
Refs. [9, 125].) 
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Figure 2: Physical properties observable as a function of cluster size. In this example the vertical detachment 
energies of Auy are depicted from Ref. [126]. The corresponding value for the solid is the work function. It 
clearly can be distinguished between a non-scalable size regime and a scalable size regime. For metals this 
transition lies for many physical and chemical properties in the size range of about 100 atoms. The exact 
number of atoms for the transition is not sharp and depends on the property under consideration. 
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Figure 3: Shown are the changes of the ionization potentials (IP(R), here W(R)) with respect to the work 
function, Wins, of the bulk as function of the inverse radius of the particles for several metals. For large radii 
the values W(R) — Wing lie on a straight line and can be expressed by a scaling law (see text); for small radii 
quantum size effects are responsible for the deviation. 


where 1336.15 K is the melting point of solid gold. The scalable size range is certainly 
relevant for applications in nanotechnology as intrinsic properties of matter can be 
changed as a function of size; however, the effects are less drastic in the third regime, 
the non-scalable size regime. 

The third regime involves going to even smaller sizes, where small clusters consisting 
of up to about 100 atoms characterize this non-scalable size regime. In this size do- 
main, matter properties are controlled by quantum size effects. Systematic studies on 
size effects in the non-scalable size regime has already been performed for small 
sodium clusters by the group of Schumacher [2-5] and shortly thereafter by Knight's 
group [6-10] in the early 1980s. They discovered striking discontinuities in the mass 
spectra and ionization potentials at the magic numbers (of Na atoms per cluster) 8, 20, 
34, and 40. With the jellium model, well known to nuclear physicists, the latter group 
achieved the first understanding of the abundant spectra [9, 11]. In this manner, the 
electronic shell structure of small alkaline clusters was established. 

In a simplified picture, the size dependence of clusters can be described, in analogy 
to the classic periodic table, with an "electronic periodic table" simply by filling the 
electronic shells in different periods (Fig. 4). We find monovalent clusters, like Nas, 
Nao, and Najo, or halide-like clusters, like Na; and Naz, which reveal enhanced 
reactivities. More inert cluster sizes may be found for Nag, Najg, and Nazo with a 
closed-shell electronic structure. This simple analogy suggests that for small clusters, 
where the electronic structure is dominant in changing the cluster's properties, a new 
and exciting chemistry is waiting to be discovered. More recent studies on photoelec- 
tron spectra (PES) of sodium cluster anions Nay (4<N<19) measured at room 
temperature and compared to the electronic density of states obtained from Born- 
Oppenheimer's local-spin-density Langevin molecular dynamics simulations [12] 
reveal considerable deviations from the jellium model occurring for Nay (N — 4-7), 
where for instance Na; clusters exhibit a triaxial deformation incompatible within the 
jellium approximations. At low temperatures and for transition metal clusters, the 
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Figure 4: Electronic periodic table of small sodium clusters. According to the prediction of the jellium 
model, closed electronic shells exist for 2-, 8-, 18-, and 20-electron systems. For monovalent sodium magic 
numbers are observed as Naz, Nag, Naig, Na»o,.... These sizes thus reveal closed electronic shells similar to 
the rare gases. The sizes in between fill the periods of the electronic periodic table. 


electronic structure only can be understood by using extensive ab initio calculations 
[13-15]. Furthermore, the geometric structure and symmetry of matter in the non- 
scalable size regime are considerably different from those of the solid. The most 
exciting example is the experimental discovery and theoretical description of planar 
structures for small gold clusters by the Kappes’ group [16, 17]. Combined ion mo- 
bility measurements and ab initio calculations revealed planar structures for gold 
cations with up to seven atoms. Even more unexpected are the planar structures of 
gold anions observed for clusters up to Auj, and theoretically predicted even for Au]; 
[14, 17]. For other metals, the transition from two-dimensional to three-dimensional 
structures is observed at smaller sizes [18]. This unique behavior of gold has been 
shown to be an added manifestation of its strong relativistic effects [14]. Even more 
surprising is the appearance of magnetism for elements that are non-magnetic as bulk 
materials. Spin-density-functional calculations predict that unlike atomic and bulk Pd, 
both neutral and anionic Pdy clusters (2<N<7 and N = 13) are magnetic, with rel- 
atively high local magnetic moments [19, 20]. Underlying this behavior is the hybrid- 
ization of atomic s and d states when clusters are formed, which depletes local d 
contribution around each atom and leads to an open-shell-like behavior. It is predicted 
that an ensemble of Pd; clusters to exhibit an anomalous increase in the magnetic 
moment with temperature, as a close-lying spin isomer with a high magnetic moment 
is populated at higher temperatures. 

These examples impressively illustrate the non-scalable size regime to be most im- 
portant for new and exciting scientific discoveries. Understanding the fundamental 
concepts governing the non-scalable size regime will push nanotechnology beyond a 
simple continuation of miniaturization. In this contribution we focus on the chemistry 
of small clusters deposited on surfaces. Our aim is to present a concept for under- 
standing surprising discoveries of the chemistry in the non-scalable size regime. In the 


Size effects in the chemistry of small clusters 5 


first section, we present size-dependent oxidation reactions on small gold clusters on 
MgO. We then discuss the chemistry of small Pdy clusters and reveal that such small 
clusters are indeed catalytically active under multiple reaction cycles. Furthermore, 
we discuss cyclotrimerization and polymerization reactions on materials in the non- 
scalable size regime. Finally, we give a short outlook on how the non-scalable size 
regime may influence electrocatalytic reactions. 


2. CO OXIDATION ON SMALL GOLD CLUSTERS 


Perhaps the most prominent model surface reaction is the CO oxidation [21, 22]: 
2CO + O2 ^ 2CO» (3) 


Although exothermic by 283 kJ/mol (2.93 eV) [23], the reaction does not take place 
in the gas phase due to a high reaction barrier. On a catalyst surface, the reaction is 
made possible by cleaving the O-O bond first, which can be achieved for instance by 
transition metals, in particular by the platinum group. For the reaction on such cat- 
alysts, a Langmuir—Hinshelwood (LH) mechanism is assumed in which both reactants 
are adsorbed on the surface before the reaction occurs. The O, dissociates sponta- 
neously upon adsorption. Figure 5 shows the two-dimensional potential diagram of 
this reaction. The vertical axis depicts the O-CO reaction coordinate; the horizontal 
axis describes the surface-CO; distance. The reaction path is indicated by the broken 
line and starts in the upper left. Both reactants reside in a deep minimum well after 
adsorption. While the reaction proceeds, they have to overcome the transition state 
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Figure 5: Two-dimensional potential energy diagram of the CO oxidation reaction on a platinum(1 1 1) 
surface with the corresponding energies indicated (see also text). The mutual O-CO distance of the unreacted 
system R(O-CO) is plotted vs. the CO;-Pt distance R(M-CO,). The reaction proceeds (at low coverages) as 
an LH mechanism. The reaction coordinate is marked by the broken line (adapted from Refs. [21, 127]). The 
CO is molecularly adsorbed, whereas the O; is dissociated upon adsorption. 
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(denoted by the symbol +) with an energy of 105 kJ/mol (1.09 eV). After traversing 
this energy maximum, the formed CO; molecule is only weakly bound by «20 kJ/mol 
(0.21 eV) and can easily escape. 

Most prominent catalytic metals are those from the groups VIII and Ib of the 
periodic table [24]. Gold, a member of the group Ib and the noblest of all metals in 
bulk form, has long been considered as poor catalyst. The high ionization potential 
explains the low affinity toward molecules. Consequently, the gold surface shows no 
evidence of dissociative adsorption of H5 or O;. Nevertheless, in the early 1970s 
experiments suggested for the first time that gold could be interesting for catalyzing 
chemical reactions [25, 26]. But it took the work of Haruta et al. to establish that gold 
nanoparticles indeed possess some new exciting properties valuable for catalysis 
[24, 27, 28]. With the ability to prepare hemispherical gold nanoparticles on selected 
metal oxides, they were able to show that in this form gold is able to catalyze the 
oxidation of Hz and CO [28]. Furthermore, these small gold nanoparticles show a 
surprisingly high catalytic activity at temperatures as low as 200K [28, 29]. In an 
attempt to understand the special properties of gold nanoparticles in a size range 
above 1 nm in diameter, a vast number of papers have been published. For nano- 
particles a few nanometers and larger in size, the change in reactivity can be explained 
by the existence of different crystalline facets and low-coordinated atoms on the 
particle [30-32]. For clusters consisting of only a few or few tens of atoms, the concept 
of crystal facets fails to explain the observed chemical reactivity. Here quantum size 
effects dominate the geometric and electronic structures. For example, the possible 
reaction sites for Aug are not necessarily present in Au; since the geometric and 
electronic structures can completely differ. 

The expected strong size dependence of the catalytic properties of small gold clusters 
in the non-scalable size regime and the question whether reaction mechanisms for low- 
temperature catalysis also exist on clusters have stimulated the work on the chemical 
properties of mass-selected, supported Au cluster, which will be described here. In the 
course of investigations, it was also discovered that small mass-selected gold clusters 
are ideal model systems since they allow for a high level of theoretical characterization. 
We will review combined experimental and theoretical studies which revealed that 
even very basic mechanisms with the cleavage of the oxygen molecule do not occur in 
the non-scalable cluster size regime. In fact, on gold clusters the O5 molecule is mo- 
lecularly adsorbed but may be highly activated either in a superoxo- or peroxo-like 
state. 





2.1. Preparation of the model catalysts 

The preparation of size-selected clusters supported on different support materials is a 
challenging task. Only a brief overview will be given here; for a detailed description the 
reader is referred to the original publication [33]. In these studies, the metal clusters are 
produced by a laser vaporization source. From the generated cluster size distribution, 
a single size is mass-selected with a quadrupole mass spectrometer. Careful guiding of 
the metal cluster ion beam ensures that the 1ons do not gain too much kinetic energy. 
Thus, the mass-selected cluster beam with low kinetic energy can then be deposited on 
various support materials. In addition, the deposition is done at low temperatures, 
preventing diffusion and concomitant migration. The quality of the samples depends 
on two points: first, whether or not the substrate is modified by the incoming cluster; 
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and second, what is the fate of the cluster during and after deposition. To avoid 
modification of the substrate and fragmentation of the impinging cluster, the soft- 
landing condition has to be fulfilled, which means that the kinetic energy of the 
incoming cluster has to be held below 1 eV/atom. Molecular dynamics simulations, as 
well as several scanning tunneling microscope (STM) experiments, have shown that 
soft landing is indeed possible [34—37]. Recently, absorption measurements with cavity 
ring-down spectroscopy were also able to prove unambiguously the monodispersion of 
the samples prepared in this way [38]. The preparation of supported, monodispersed 
cluster samples was a milestone in the field, because it was a pre-requisite for studying 
the strongly size-dependent properties of small clusters. As we will show in this review, 
an atom-by-atom change indeed causes drastic changes in the chemical and catalytic 
properties of small clusters. This evolution could not have been observed when stud- 
ying size-distributed cluster-assembled materials. 


2.2. Experimental observation of the CO combustion on gold clusters 

The first studies on the '*O,+'°CO > PC'*0!60 reaction on size-selected gold clus- 
ters (Auy with 1<N<20) in the year 1999 led to surprising conclusions [39, 40]. In 
these experiments, the clusters were deposited on thin MgO films, grown in situ on 
Mo(1 0 0) single crystals. The thin films were prepared either as defect-rich film, char- 
acterized by a given density (~5%) of extended defects and point defects (F centers, 
FC), or as defect-poor films with a negligible density of F centers [40, 41]. The CO 
combustion was studied by temperature-programmed reaction (TPR) experiments. 
In a TPR experiment, the sample is saturated with both reactants (CO and '50;) 
at low temperatures (< 100K). Subsequently, the sample is slowly heated up linearly 
and with a differentially pumped mass spectrometer the reaction products (e.g., 
13C!80!60) are detected as function of the sample temperature. In this example, the 
desorption temperature of the product molecule CO» corresponds to the reaction 
temperature, as its binding energy to the cluster is very low (~0.2eV), and thus 
desorbs from the cluster upon formation. The use of isotopically labeled !*O; allows 
distinguishing the combustion induced by oxygen from the gas phase or from the MgO 
support. Since in the TPR experiment both reactants have to be present on the surface 
before the reaction takes place, only product molecules from an LH-type mechanism 
can be observed. Reaction products formed in an Eley-Rideal mechanism cannot be 
observed because they are already formed during dosing. Figure 6a shows the results 
of TPR experiments of CO combustion on Au clusters on a defect-rich MgO film. For 
better comparison, the total '^C'*O0'6O yield is obtained by integrating the TPR 
spectra and it is shown as a function of cluster size (Fig. 6b). As expected, the bare 
MgO surface as well as the gold film shows no reactivity, the latter observation re- 
vealing the noble character of gold. Also, small clusters with less than eight atoms 
show no significant CO» production, but while starting with Aug, CO, formation can 
be observed. The non-monotonic dependence between cluster size (surface) and CO, 
yield is not in agreement with the "classical" picture, which assumes the activity to be 
proportional to the surface area of the cluster. Furthermore, two distinct peaks ob- 
served below and above ~250K for Aug suggest that two different reaction mech- 
anisms are responsible for the formation of CO». The role of the support for the 
reactivity of Aug 1s emphasized in Fig. 7, which shows the comparison of TPR ex- 
periments by changing the support from a defect-rich MgO film to a defect-poor MgO 
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Figure 6: (a) TPR experiments for the CO-oxidation on selected Auy clusters on defect-rich MgO(1 00) 
films. The model catalysts were saturated at 90K with "CO and !*O; and the isotopomer ?C!*0!90 was 
detected with a mass spectrometer, as a function of temperature. (b) The reactivities for Au, expressed as the 
number of formed CO; per cluster. 


film with a negligible amount of defects. Surprisingly, in the case of defect-poor films, 
the formation of CO; is drastically decreased. The important role of defect sites on the 
reactivity of Aug is further confirmed by preparing films with a high density of F 
centers by first evaporating Mg onto defect-poor MgO films and subsequently an- 
nealing the samples to 550K [42]. Similar results for the defect-rich films also are 
obtained. The apparent difference in the CO; yield is a proof of the support-cluster 
interplay, which changes the cluster properties in a fundamental way. We will discuss 
this point in conjunction with the fundamental reaction mechanism. 


2.3. Description of the reaction mechanism by DFT calculations 

The experiments described in the previous section triggered the use of density func- 
tional theory (DFT) in order to shed light on the underlying reaction mechanisms. 
Figure 8 shows exemplarily the structure of Aug on the MgO(1 00) surface containing 
an oxygen vacancy (F center). The cluster is strongly anchored with 3.44eV to the 
defect site. The fully optimized Aug structure bound to a defect-free MgO(1 00) sur- 
face is very similar, but exhibits a significantly smaller binding energy of only 1.22eV. 
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Figure 7: TPR experiments for the CO-oxidation on Aug clusters on (a) defect-poor and (b) defect-rich 
MgO(1 00) films; inset (c) shows the results after producing F centers on MgO(100) after the procedure of 
Pfnür et al. (see text). The model catalysts were saturated at 90K with CO and !*O, and the isotopomer 


13C'80!60 was detected with a mass spectrometer, as a function of temperature. 
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Figure 8: Front and top view of Aug on MgO. Au atom labeled with 5 is most strongly interacting with the F 


center of the MgO surface. 
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The structure of Aug is a piece of a hexagonal close-packed structure with a five 
(bottom) and three (top) atom layer. Both, for the defect-free and the F-center-bound 
cluster, a charge transfer from the bulk to the cluster is observed; however, the charge 
transfer is much stronger in the case of Aug bound to the F center. As we later discuss, 
this point is essential for understanding the reactivity of small, supported gold clusters. 
If the cluster is bound to the F center, one gold atom (No. 5 in the figure) is distorted 
toward the F center. With this structure as a starting point, three possible reaction 
paths for the CO +O, — CO; reaction are found for Aug. These paths are shown in 
Fig. 9. The first two describe LH (LHt and LHp)-type mechanisms, which can be 
observed in the TPR experiments, while the third is an Eley-Rideal mechanism not 
accessible for the TPR experiment. All three mechanisms share the fact that the O-O 
bond of the O5 molecule is not cleaved prior to the reaction, a point that discriminates 


LH o 
t o e 
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Figure 9: Reaction mechanisms of the CO oxidation on supported Aug. Shown are two LH mechanisms, one 
occurring on the top facet of the cluster (LHt) and the other on the periphery (LHp). The third mechanism is 
of Eley-Rideal type (see text for details). 
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these mechanisms from the “classical” picture used for most conventional catalyst and 
even for small Pdy clusters (see below). 


2.3.1. LHt 

In the first reaction path, both reactants O2 and CO are coadsorbed on the top facet of 
the Aug cluster. In this configuration, the distance between the C atom and the re- 
acting O atom is ~3.1 A. By mapping the reaction path, the barrier to form CO; is 
estimated to be ~0.1eV; the transition state is characterized by a C-O distance of 
=2A. The reaction MgO(FC)/Aug + O2(g) + CO(g) > MgO(FC)/AugO + CO»(a)! is 
exothermic by about 5eV. Note that the resulting CO, is only weakly bound by 
~0.2eV and will leave the cluster spontaneously after formation. With the relatively 
low reaction barrier, this mechanism is possible even at low temperatures and can 
be associated with the low-temperature peak in the experiment at 140K. Since the 
reaction takes place on a facet of the cluster, it is to expect that this mechanism 
(in contrast to the following) is insensitive to the cluster size. This is in line with the 
experimental data where both the height and the width of the first low-temperature 
peak is relatively unaffected by cluster size. This mechanism is also found with similar 
energetics if the Aug cluster is attached on top of a non-defective MgO(1 00) surface. 
This is also found in the experiment where a low-temperature peak is found for Aug on 
a defect-poor MgO(1 00) film. 


2.3.2. LHp 

The second LH mechanism found in the theoretical investigations takes place on 
the periphery of the Aug cluster. The O5 molecule is bound at the interface between the 
cluster and the MgO surface, while the reacting CO is bound on the top facet. 
The distance between the reacting C and O atoms is «4.5 A; mapping the potential 
along the reaction coordinate reveals a relatively broad barrier of z0.5eV for the 
Aug/Mg(FC) system, meaning that a higher temperature is required for this process. 
This reaction mechanism is assigned to the second higher temperature peak (280 K) 
observed in the measurements, which is not found on defect-poor substrates. As we 
will show later in more detail, in the case of the defect-free support, the O-O bond of 
the oxygen molecule is less activated compared to the defective support. Correspond- 
ingly, the energetics of this reaction changes significantly if the Aug is supported on a 
non-defective MgO(1 00) layer. In fact, the reaction barrier increases to 0.8 eV and is 
then comparable to the binding energy of CO. Thus, desorption of the CO molecule 
occurs before reaction. Consequently, the CO combustion is not observed in the 
experiment on a defect-poor MgO film. 


2.3.3. Eley—Rideal 
A third reaction found in DFT calculations is of Eley-Rideal type, where a CO 
molecule approaches the already adsorbed O, molecule from the gas phase and reacts 
without any barrier to CO; formation. With a missing reaction barrier, this reaction 
can take place even at temperatures as low as 90 K, and cannot be observed in TPR 
experiments because it already takes place during dosing in the early stage of the 
experiment [40]. 

One question arising in the comparison of theory and experiment is why the 
faster LHt process (with a rate one order of magnitude higher) is not dominating 
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the TPR spectrum. At first glance one expects the low-temperature LHt mechanism to 
deplete the CO while the LHp mechanism is still hindered. In fact, the theoretical 
studies as well as experiments in the gas phase reveal that small negatively charged 
cluster can adsorb only one O, molecule at a time. Thus, two ensembles of Aug/O; 
complexes coexist, one with the O2 bound at the facet and the second ensemble 
with the O, bound at the interface of Aug and MgO. The populations of the two 
ensembles are mainly governed by the adsorption mechanisms of CO. Whereas the on- 
top-bound O; originates by direct CO adsorption, the other ensemble is populated by 
the so-called reverse spillover, where CO adsorbs on the MgO substrate and then 
migrates to the cluster (see below). The found ratio of the two populations and the 
concomitant low- and high-temperature formation of CO; are in agreement with this 
explanation. 


2.4. The role of the surface defects 

In the following we turn our attention to the specific effects of the surface defects. To 
begin with, the discussed reaction mechanisms do not require cleavage of the O-O 
bond prior to reaction, the reaction barrier is lowered by the activation of the 
molecularly adsorbed O, molecule through population of the antibonding 2x* orbital, 
the lowest unoccupied molecular orbital (LUMO) of the adsorbed oxygen molecule. 
In addition, the second “high-temperature” LHp mechanism is crucially dependent on 
surface defects with clusters deposited on defect-poor substrates forming only small 
amounts of CO, and with Aug adsorbed on oxygen vacancies turned active for the CO 
combustion at low temperature. Indeed, oxygen vacancies are an important class of 
point defects on MgO; their direct characterization, however, is not straightforward. 
Freund et al. recently succeeded in characterizing singly charged oxygen vacancies 
(E * centers) with electron paramagnetic resonance (EPR) measurements [43]. Neutral 
F centers, which are not susceptible to EPR, have been investigated by scanning 
tunneling microscopy and spectroscopy [44, 45]. 

In the studies reviewed here, the influence of the F center on the cluster is studied 
in more detail experimentally by using the probe molecule, CO, and Fourier trans- 
form infrared (FTIR) spectroscopy combined with extensive DFT calculations. The 
samples were prepared in the same manner as before with Aug deposited on defect- 
poor and defect-rich MgO films. After saturation of the samples with O5 and CO 
molecules at 90K, FTIR spectra were taken after annealing to various tempera- 
tures [46]. The spectra recorded at 90 K and after annealing to different temperatures 
are shown in Fig. 10. For both cluster samples, the vibrational bands around 
2085 cm! show that CO is indeed adsorbed molecularly and in on-top configuration; 
in addition, the observed vibrational frequency at 1300 cm ^! is tentatively assigned to 
highly activated O>. The vibrational bands disappear on increasing the temperature 
above 300 K consistently with the formation of CO; for Aug/MgO(FC) samples or 
with the desorption of CO and O; in the case of Aug/MgO as monitored by mass 
spectroscopy. 

Most important, CO adsorbed on an Aug/MgO(FC) complex shows a red-shift of 
~30-50cm~' compared to the CO adsorbed on the Aug/MgO complex. It is well 
established that through electron transfer from metal surfaces the antibonding 2n* 
orbital of CO may become occupied, weakening the CO bond and thus red-shifting the 
vibrational stretch frequency of the CO. This effect may be enhanced if the cluster 1s 
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Figure 10: TIR spectra taken at 90 K after exposing the model catalysts (a) Aug/MgO(1 0 O)gerect-poor and (b) 
Aug/MgO(100)gerect-ricn to CO and O, and annealing the sample to the indicated temperature. The fre- 
quencies between 2050 and 2100 cm! are attributed to CO adsorbed on Aug, whereas the band at 1300 cm~! 
may originate from activated O molecules. The band at 2118cm™! is assigned to CO adsorbed on MgO 
defects. Note the red-shift of the CO-stretch by 50cm! on defect-rich films. This shift is consistent with the 
predicted charging of the cluster when deposited on an F center (c), where the difference of the charge 
densities of the isolated (Aus, MgOsr.) and the model system (Aug/MgOsr.) was calculated. The charging 
was estimated to be 0.5e. 


charged and therefore the CO molecule acts as a tracer for the charge density on the 
metal cluster. The experimentally observed red-shift of zs 50cm ! may thus be un- 
derstood by an enhanced charge transfer to the cluster in Aug/MgO(FC) compared to 
Aug/MgO. Recently, it has been shown for Au atoms on MgO surfaces that the CO 
molecule does not act as a tracer but induces the effect of charge transfer from the 
substrate to the cluster itself [47]. This effect, however, has only been observed for 
adsorbed atoms and does not occur on Au» or larger clusters [48]. In order to get a 
more detailed picture of the origin of the observed red-shift, extensive DFT calcu- 
lations on the AugO, CO system have been carried out [46]. The main results are 
shown in Table 1, where the binding energies and vibrational frequencies for the 
Aust): CO complex are collected for different charge and spin states. Investigating 
the gas-phase (free) complex allows for separating charge effects from other possible 
effects due to the support. Concentrating on the spin 0 case, a red-shift of 30-50 cm 1. 
corresponding to the one experimentally observed, is explained by a charging of the 
cluster by —0.5e. The total population of the antibonding 27 orbital of CO, 
AQ(P?CO), is calculated to be 0.34e. That charging is indeed responsible for part 
of the observed red-shift is also confirmed by electronic structure calculations for 
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Table 1: Vibrational frequencies of the AugO, (CO complex (gas phase) as function of charging. 


AQ (AugO; CO) (e) Spin v(cm^) BE(O2+CO) (eV) 4(?CO)(À) AQ(?CO)(e 4(O3(À) AQ(O» (© 





0 1 2005 1.060 1.149 0.29 1.336 0.71 
0.25 0.875 1987 1.150 0.32 1.344 0.75 
0.5 0.75 1968 1.154 0.35 1.350 0.77 
1.0 0.5 1926 1.160 0.43 1.364 0.86 
0 0 2009 0.753 1.148 0.28 1.378 0.88 
0.25 0 1990 1.150 0.31 1.381 0.89 
0.5 0 1975 1.153 0.34 1.385 0.92 
1.0 0 1920 1.158 0.41 1.398 1.00 


Note: Results for free (AugO, !?CO) complexes as a function of excess electron charge AQ. Results are shown for various 
values of the spin; for the neutral cluster we show triplet (S — 1) and singlet (S — 0) states. The quantities that we display 
are as follows: v, the CO stretch frequency; BE(O2+ PCO), the CO binding energy to the gold cluster with a pre-adsorbed 
oxygen molecule; the bond distances, d('3CO) and d(O>); and excess electronic charges, AQ( CO) and AQ(O;), of the two 
adsorbed reactants CO and Os, respectively. For reference we remark that the calculated vibrational frequency of gas-phase 
15CO is 2070 em". which is 25cm^! smaller than the experimental value of v(PCO) = 2095 cm '. 


the ^CO/O;Aus/MgO system (Fig. 11), where the population of electronic states with 
CO-2n* character is calculated to be 1.27e in the case of Aug adsorbed on MgO(FC) in 
comparison to only 1.18e for Aug adsorbed on a regular site. As the observed red-shift 
and the concomitant charging of the Aug cluster correlate with the higher reactivity for 
the CO combustion, it can be concluded that charging of Aug is indeed a necessary 
ingredient for the activation of gold as a catalyst. 
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Figure 11: LDOS correlation diagram of free CO (left) and Aug/O2/MgO(FC) (right) resulting upon ad- 
sorption of the CO molecule in the complex adsorbed on Aug/O5/CO/M gO(FC) (middle). The assignments 
in the LDOS diagrams are given in the figure. The electron populations of the various levels are given as 2e, 
4e, etc., and iso-surface images of the orbitals of the free CO molecules are also shown (left). Dashed lines 
indicate orbital shifts and redistribution caused by the adsorption of the CO molecule. 
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2.5. The role of the electronic structure 

As important as the role of the substrate for tuning the chemistry of small supported 
clusters is the evolution of the electronic structure with cluster size. The experimental 
results clearly indicate that Au clusters with less than eight atoms are inert, even if they 
are deposited on defect-rich MgO surfaces. This can be explained by the fact that in 
the non-scalable size regime each cluster size has its own characteristic electronic 
structure. For a given cluster-surface complex, adsorbates can only be bound and 
activated if there are resonances between the electronic states of the cluster-surface 
complex and those of the adsorbate, e.g., resonances between the occupied states or 
bands of the cluster and the LUMO of the adsorbate. In the case of O; interacting with 
the cluster, the LUMO is the 2r* state. Thus, the analysis of spectra of the local 
density of states (LDOS) of the O>/Aug/MgO(FC) system is elucidative for under- 
standing the bonding and activation of O, to the cluster [49]. The rightmost panel in 
Fig. 11 shows the LDOS of the O;5/Aug/MgO system, separated into the part located 
on the Aug cluster and the part centered on the O5 molecule. The peaks in the LDOS 
of the O5 molecule can clearly be assigned to the 5o and In orbitals. The uppermost 
sd-band of the Aug shows metallic character, meaning that occupied states extend 
continuously up to the Fermi energy. The LUMO of the O, molecule lies below the 
Fermi level, and is thus in resonance with the sd-band of the Aug cluster. A charge 
transfer from the cluster to the antibonding 2n* orbital occurs. This backdonation is 
responsible for the weakening and elongation of the O-O bond. In addition, this 
activation is accompanied by a change of the spin state of the O», from a triplet state in 
the gas phase to a peroxo-like state with zero net spin in the O?/Aug/MgO(FC) com- 
plex. The calculation shows that, in accordance with the experiment, the presence of 
an F center amplifies this effect and the result is that the bonding of the O2 molecule to 
the cluster is stronger (0.47 and 0.33 eV for the spin 0 and spin 1 states, respectively) 
compared to the case of a defect-free surface (0.33 and 0.30eV for the spin 0 and the 
spin | states, respectively). 

A similar situation is found when investigating the adsorption of the CO molecule to 
the Aug/MgO complex. The LDOS of the corresponding complexes are shown on the 
left side of the correlation diagram in Fig. 11. As expected, the low-lying lone pairs of 
the CO, 36 and Ae, are relatively unaffected by the bonding to the Aug/O5/MgO(FC) 
complex. In contrast, the 5o and In orbitals hybridize with the sd-band of the cluster 
and the So orbital gets strongly stabilized in energy (~3eV), whereas a small de- 
stabilization of the In orbital is observed. A donation of electron charge from the CO 
to the Aug takes place, which is responsible for only a part of the binding energy. The 
resonance and hybridization of the antibonding 2x* orbital with the sd-band of 
the Aug/O5/MgO(FC) complex spreads out the orbital over the respective energy 
range and pushes it partially below the Fermi level. As in the case of O5, backdonation 
of electron charge into the LUMO of the CO strengthens the adsorption, but at the 
same time by occupying the antibonding 2x* orbital the C-O bond gets weaker. Note 
that similar features are also observed on a defect-free surface but the backdonation is 
less pronounced, as observed in the experiment. As discussed above, the resulting red- 
shift of the CO stretch frequency is less pronounced on the defect-free surface com- 
pared to the defective surface. The integration of the charge density over the respective 
energy range (taking only the charge projected onto the CO molecule into account) 
leads to a backdonation of 1.27e in the case of the MgO(FC) compared to 1.18e for the 
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regular MgO support. Note that due to the degeneracy of the 2x* orbital in the gas 
phase, in principle there could be four electrons transferred, but only part of the 
orbitals are occupied by the charge transfer. 

The dependence of the catalytic activity on the cluster size can also be explained by 
the analysis of the LDOS. Only if the electronic structure of the Auy/MgO(FC) com- 
plex allows an overlap and hybridization with the molecular orbitals of the adsorbates 
can a charge transfer and a concomitant weakening and activation of the O-O and 
C-O bond occur, which is a pre-requisite for the discussed reactions paths. For com- 
parison, a completely different scenario is found in the case of Aus [50] where the 
O; molecule binds with a single atom on top of the cluster. Since the antibonding 27* 
orbital of the oxygen stays above the Fermi level in energy and due to the narrower 
sd-band of the tetramer in comparison to the octamer, an overlap with the 2x* orbital 
of the oxygen molecule does not occur. Consequently, the O-O bond length is nearly 
unperturbed and the binding energy is rather low (0.18eV). The inactivated O5 mol- 
ecule remains inert toward the CO combustion in accordance with the experiment. 


2.6. Structural dynamic fluxionality 

It is one of the unique properties of clusters to have several isomers close in ground- 
state energy. Thus, in an experiment at finite temperature there always exists an 
ensemble of different isomers, and it has been shown in the gas phase that the lowest 
lying ground-state structure is not always the one observed in the experiment because 
of kinetic effects [16-18]. If the barrier for interconversion is lower than KT, the 
clusters will be fluxional and interconvert from one isomeric structure to the other [51]. 
As illustrated in Fig. 12a, b, e, and f, the existence of various isomers can also be true if 
the cluster is adsorbed on a surface. In the case of Aug/MgO(FC), a quasi-planar 





Figure 12: The optimized atomic structures of model catalysts comprising Aug (a and b), Aua (c), and AusSr 
(d) clusters adsorbed at an F center of an MgO(100) surface. For Aug two relevant isomers are depicted, 
separated by an energy difference of 0.29 eV with the quasi-planar geometry being the ground state. The 
optimal geometries for the adsorption of the O5 molecule on these model catalysts are shown in panels 


(e)-(h). 
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(Fig. 12a) and a three-dimensional isomer (Fig. 12b) with an energy separation of 
0.29 eV coexist. Each of these isomers has its unique electronic structure and thus 
reveals a distinct chemical activity. While the three-dimensional structure is thermo- 
dynamically less stable, the binding energy gain upon oxygen absorption is higher in 
the three-dimensional case (0.28eV in the quasi-planar case and 0.47eV in the 3D 
case). Upon adsorption of oxygen the cluster is therefore adjusting its geometry to 
accommodate the adsorbate and changes its structure from a quasi-planar to a 3D 
one. In detail, the Au atom B in Fig. 12b and f moves away from the surface to open a 
pocket for the O5 molecule. Interestingly, the adsorption is not possible if the structure 
of the Aug cluster is frozen, so the cluster's fluxionality is an important pre-requisite 
for the adsorption and activation of O2. This example indeed reveals the essence of the 
so-called dynamic structural fluxionality of clusters. Furthermore, an analysis of the 
Au-cluster geometries along the reaction path of the CO oxidation (cf. Fig. 9) shows 
that the cluster is constantly adapting its structure and, in the course of a chemical 
reaction, the system has thus the possibility to find the most favorable free-energy 
reaction path by choosing the most suited isomeric structures. 


2.7. Impurity doping 

A logical expansion of the work discussed above is the tuning of the electronic struc- 
ture of the metal catalyst by impurity doping to optimize the charging process and 
activation of the Oz molecule. It is well known that combining gold with a less elec- 
tronegative alkaline or alkaline earth metal can lead to an ionic core [52]. For ex- 
perimental reasons, the system Au,Sr was chosen for these studies [50]. The formation 
of CO, in a TPR experiment was measured for different cluster sizes and Sr impurities. 
In these experiments, the samples were exposed to '?O, and CO; to saturate the 
clusters with the adsorbates. The CO, production as a function of the sample tem- 
perature is shown in Fig. 13. The onset for CO, production is clearly shifted to smaller 
cluster sizes by the Sr impurity doping. Whereas the pure gold tetramer is inert, the 
strontium-doped cluster AusSr produces CO, at 250 and 500K. As shown above, 
these clusters bind to the MgO(F5O) surface quite strongly (calculated binding energy 
of 2.65-4.06 eV) and their binding is significantly enhanced (typically by about 2eV) 
due to the F center defects. These high binding energies and the “anchoring” effect by 
the F centers correlate well with the observed thermal stability of the supported clus- 
ters in the TPR experiments. This finding pertains to the charge state of the adsorbed 
clusters — in particular, calculations predict that the interaction with the surface is 
accompanied by charge transfer of 0.5e, 0.3e, and 0.3e to the adsorbed Aug, Au,, and 
AusSr clusters, respectively. The early onset of the catalytic activity in the case of 
strontium-doped clusters can be easily explained by analyzing the LDOS spectra 
(Fig. 14). The spectra for O>Au, are shown in Fig. 14c (the LDOS for the O5) and d 
(for the Au4). The overlap between the sd-band of the Au, cluster with the anti- 
bonding 2x* orbital of the oxygen is only marginal and thus backdonation is not 
possible. The oxygen molecule is thus molecularly bound with a very weak interaction 
(0.18 eV) and remains in its triplet state. In the case of the Sr-doped cluster there are 
strong resonances between the electronic states located on the impurity atom and O», 
leading to substantial backdonation into the spin-down 2rř orbital of oxygen. The 
binding energy with O% is therefore increased to 1.94eV and accompanied by an 
activation of oxygen to a superoxo-like state with a O-O bond length of 1.37 A. This is 
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Figure 13: TPR spectra of CO» formation on (a) an MgO(100) film, (b) AusSr/MgO(FC), (c) Aus/MgO 
(FC), (d) Aug/MgO(FC), and (e) a thick gold film grown on MgO(1 00). The Au4/MgO(FC), pure MgO film, 
and the thick Au film are catalytically inert. The inset compares the chemical reactivity R of pure Auy and 
doped AuySr clusters, with 1 € N «9, expressed by the number of product CO, molecules per deposited 
cluster. The TPR spectra are recorded after exposure of the model catalyst to isotopically labeled TO: and 
13C!60 at 90K. Only the production of the ^C!60!*O isotopomer is detected by measuring its ion current 
(I), which indicates that the oxidation of CO occurs only on the cluster and that no oxygen from the MgO 
substrate is involved. 
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Figure 14: Local density of spin-up and spin-down electronic states (LDOS) of the model catalysts shown in 
Fig. 12(f-h) for oxygen (a, c, and e) and the metal part (b, d, f, and g). The prominent peaks of the oxygen 
LDOS are labeled following the conventional nomenclature for the molecular orbitals of the gas-phase O2 
molecule, with L and || meaning perpendicular and parallel to the MgO surface, respectively. The Fermi energy 
Ey is at OeV. Note that here (in contrast to Fig. 11) the zero point of the energy was set to the Fermi level. 


an illustrative example of how by changing cluster size and impurities the interaction 
of oxygen with the clusters can be tuned from molecular adsorption to a superoxo-like 
state and finally to the highly activated peroxo-like state. The experimental results 
clearly show that this has drastic influences on the CO combustion on these clusters. 


2.8. Coadsorption of water 

Early on, there was evidence for an enhancement of the activity of small gold nano- 
particles by moisture [53]. Thus, the influence of water on the chemical activity of free 
and supported Au cluster was recently investigated by DFT calculations [54]. For details 
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Table 2: Energies (in eV) for the adsorption and coadsorption of O, and H,O on free (Aug and Auzo) 
clusters and on a gold octamer supported on MgO(1 00), that is Aug/MgO. 








O5 HO H50-05 
Aug Unbound ~0.3 0.4-0.9 
Aan «0.4 0.3-0.6 0.7-0.9 
Aug/MgO-T «0.1 0.2-0.3 0.5-1.2 
Aug/MgO-P 0.3-0.8 0.4-0.6 1.3-2.1 





Note: In the case of the Aug/MgO system, results are given for both the adsorption on the top facet of the gold cluster (-T) 
and at the peripheral interface of the cluster with the substrate (-P). 


of the calculations the reader may refer to the original publication. At first, the effects of 
coadsorption of water with O5 manifest itself in the binding energy, as shown in Table 2. 
The calculations show that O, does not bind to free uncharged Aug and the adsorption 
energy on various adsorption sites on Ausg does not exceed 0.4 eV. The binding energy 
of H,O is 0.3eV for Aug and up to 0.6eV for the different adsorption sites on Ausg. 
Coadsorption of water together with O» allows for binding with a combined binding 
energy (Aug-H>0-0;) of 0.4-0.9 eV; thus, the binding of the two molecules is enhanced 
by cooperative adsorption on the octamer, which is unique for small clusters. 

A similar behavior can be observed for the gold octamer supported on a defect-free 
MgO surface. Here two spatial adsorption regions have been treated separately: (1) the 
adsorption on the top facet (Aug/MgO-T) and (2) the adsorption on the peripheral site 
of the gold cluster (Aug/MgO-P). While on the top facet, the O» is bound very weakly 
with less than 0.1 eV, the peripheral site allows a binding of the O, molecule with up to 
0.8eV. The binding energy of coadsorption of H5O and O, ranges up to 1.2eV in the 
top facet case and up to 2.1 eV in the peripheral case. It is especially noteworthy to 
point out that cooperative adsorption is responsible for the increase in total binding 
energy for the coadsorbed case. Here the O and the H5O preferentially adsorb on 
neighboring sites. Moreover, O) may bind even at sites where the adsorption of O» 
without coadsorbed H5O is energetically not possible. 

In some cases of H5O and O, coadsorbed on the top facet of Aug/MgO both 
molecules share a proton and the distance between the proton-sharing oxygen atoms 
of O, and H,O has values down to 2. 5 A. The H~ O, bond length is as small as 1. 1A, 
meaning that the proton actually is transferred to the O, and an OH ^ HO,» species is 
formed. This is accompanied with an increase in the O-O distance to a value of 
~1.48A (21% larger than the respective gas-phase value). In addition, a charge of 
~0.31e is transferred from the Aug/MgO to the coadsorbed species. In summary, the 
coadsorption of H5O with O, stabilizes the partially charged, highly activated state of 
the oxygen molecule. This is not the case for the exclusive adsorption of O» on the top 
facet of the supported gold octamer. 

In the vicinity of the peripheral interfacial sites of the Au cluster, the calculations 
showed that the adsorption energy of H5O increases by 0.1-0.2eV depending on the 
particular site and adsorption configuration; thus, the gold cluster acts as an attractor 
for adsorbed water (reverse spillover). Hence, at the interface between the Au cluster 
and the MgO surface, peripheral sites show a high propensity to bind both H5O and 
O; (Table 2). The markedly larger binding energies of the coadsorbed complex (com- 
pared to the individual adsorbates) reflect a synergetic effect, expressed through the 
occurrence of the aforementioned proton sharing and proton transfer processes. 
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Figure 15: Relaxed atomic configurations displaying several stages in the simulation of the coadsorption of 
H20 and O- on the top facet of an Aug cluster supported on MgO(1 00), and the subsequent reaction with 
gaseous CO to form CO . (a) The approach of an H,O molecule to the cluster. (b) Coadsorbed H,O (right) 
and O, (left) with an approaching CO. Note the preferential orientation of the H5O and partial proton- 
sharing. (c) CO-induced proton transfer resulting in formation of a hydroperoxyl-like group (left) and a 
hydroxyl (right). (d) Transition state configuration with the CO binding to the activated species. The proton 
is about midway between one of the oxygen atoms of the transition-state complex (left) and the hydroxyl 
(right). (e) The proton shuttles back to re-form an adsorbed H5O, and the CO» product desorbs from the 
surface, leaving an adsorbed oxygen atom that reacts in the next step with a CO molecule to yield a second 
CO». 


A full adsorption and reaction cycle for the CO oxidation in the presence of H5O is 
shown in Fig. 15, with the top facet as the reaction site. In the first step, H5O is 
adsorbed on the bare supported Aug cluster (Fig. 16a). This is followed by adsorption 
of O5 on a neighboring site. Fig. 16c shows the activated O molecule, with the proton 
transferred to the oxygen. Subsequently, the CO is exposed to this highly activated 
configuration. Upon reaction of the CO molecule with the complex, the proton shut- 
tles back toward the hydroxyl group (Fig. 8d), with the process culminating in the 
desorption of a CO; molecule and the re-formation of an adsorbed H5O molecule that 
is preferentially oriented with respect to the remaining adsorbed oxygen atom 
(Fig. 8e). The above Eley-Rideal-like reaction mechanism involves relatively low 
barriers. It was found that the formation of the transition state (Fig. 8d) entails a 
readily accessible energy barrier of —0.5eV. An added CO molecule reacts readily 
(with a barrier of 0.1 eV) with the single adsorbed oxygen atom, and the (barrierless) 
desorption of the CO, product closes the catalytic cycle. For a peripherally adsorbed 
O; reacting with a CO molecule adsorbed in its vicinity, an LH reaction barrier of 
0.4eV was found (with or without a neighboring coadsorbed H5O molecule). The 
barrier for desorption of the CO, product is 0.6eV under dry conditions and 0.3eV 
with coadsorbed H20. 


3. THE CO CHEMISTRY OF SUPPORTED Pd, CLUSTERS 


In the following, the CO chemistry of supported Pdy clusters is discussed based on the 
CO +O, oxidation reaction as well as on the NO + CO reaction. The enormous at- 
tention these two reactions have drawn in the last decades is in part due to their 
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Figure 16: Experimental set-up for a pulsed molecular beam experiment for studying the catalytic properties 
of size-selected clusters on surfaces. It mainly consists of a pulsed valve for the generation of a pulsed 
molecular beam and a differentially pumped, absolutely calibrated quadrupole mass spectrometer. The 
length of the valve extension tube is adjusted to obtain a beam profile of similar dimensions as the sample 
under investigation. A typical time profile is also shown. It can be adjusted up to continuous operation. 
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industrial applications. For instance, in a commercial three-way automotive catalyst 
nitrous oxides NO, and CO are removed by reduction/oxidation from the exhaust 
gases of an internal combustion engine. The active components of the catalyst are 
small platinum, rhodium as well as palladium particles. As discussed in the former 
section, the major role of the catalyst 1s thereby to weaken or break specific molecular 
bonds and to stabilize reactive intermediates [55], thus lowering the activation energies 
for the desired reactions. If the intermediates bind too strongly to the catalyst surface, 
the rates decline and eventually the intermediates poison the surface. This behavior 
leads to the so-called volcano curves when comparing the heats of formation of an 
intermediate in a specific reaction with the reaction rate for different elements [55], 
expressing that a good catalyst usually forms moderately strong bonds. In industrial 
catalysis, the overall catalytic reaction usually is the sum of several steps and not only 
the reaction rate (activity), but factors such as the stability of the particles and the 
selectivity of the reaction are crucial as well. The long-term stability of the catalyst, 
therefore, may be in conflict with its fluxionality, which, as shown for the example of 
supported gold clusters, may be decisive for its reactivity. As a result, applied catalysts 
are highly complex systems, and for example, 30 years after the first introduction of 
the automotive catalytic converter, it is still under development. 

For this reason, often model catalysts are employed in order to disentangle different 
processes and to study single aspects of the complex properties of real catalysts in a 
well-defined and controlled manner. This field of research will be the focus of the next 
section. The CO € O; oxidation reaction and the NO * CO reaction are especially 
attractive for such basic studies, since besides their applications they are considered to 
proceed through relative simple mechanisms, involving only a few steps. Furthermore, 
only diatomic molecules are part of the reaction. The exciting new field of supported 
cluster model catalysts thereby concentrates on the question of how the non-scalable 
change of the cluster properties with size alters the interaction with reacting molecules 
and thus may open new routes for designing tailor-made materials. 


3.1. CO oxidation on Pdy clusters supported on thin MgO films 

As mentioned, the CO + O, reaction has been extensively studied on Pt-group metal 
model catalysts. Since it is beyond the scope of this chapter to give a complete over- 
view about the existing literature, here we concentrate on a short summary of the most 
important results concerning the reaction mechanism and particle size effects, before 
we introduce studies of the non-scalable size regime. For the interested reader excellent 
reviews covering work on Pd single crystals [56] as well as oxide-supported Pd nano- 
particles [57, 58] exist. 

Since the pioneering work of Engel and Ertl [56] on Pd(11 1), it is well established 
for Pt-group metals that the CO oxidation reaction proceeds through an LH mech- 
anism. In contrast to gold (see previous section), the adsorption of carbon monoxide is 
associative and reversible while oxygen chemisorption is dissociative and irreversible 
under the reaction conditions. Due to the strong interaction of carbon monoxide to 
palladium, an asymmetric behavior is observed in TPR measurements. That is, while 
pre-adsorbed CO inhibits the adsorption of oxygen, the reverse is not the case [56]. 
This observation is due to the ability of CO to compress pre-adsorbed oxygen layers. 
In such a compressed structure, the bond strengths of the adsorbates are lowered due 
to repulsive interactions, and consequently, different values are obtained for the LH 
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Table 3: LH activation energies of selected extended Pd surfaces and supported clusters. 





Sample En (kJ/mol) Conditions Reference 
Pd(1 11) 105 Low O; coverage, 77 500K [124] 
59 High O% coverage, T<420K 
Pd(1 11) 45—64 High O, coverage, T< 500K [60] 
Pd? (27 nm) 32—45 High O; coverage, T< 500K [59] 
Pd? (5-6 nm) 5748 CO rich regime, low T [60] 
624-9 O rich regime, low T 
Pd* (2.5 nm) 19—20 High O, coverage, T<500K [59] 
Pdz? 363 O saturated, T<400 K [63] 
Pdg? 2543 O saturated, T<400K [63] 





*On Al,O3 thin film. 
^On Al,O3/NiAl(1 1 0). 
*On MgO/Mo(1 00). 


activation energy at low coverages (~100kJ/mol for Pd(111)) compared to high- 
coverage conditions (~ 60 kJ/mol for Pd(1 1 1)) (see also Table 3) [56]. These processes 
outline the influence of coadsorbed molecules on the adsorption properties of reac- 
tants on the catalyst surface. 

Compared to the relatively detailed understanding of the CO oxidation reaction on 
single crystals, less is known at the molecular level for supported Pd nanoparticles. 
Based on studies on different Pd single crystals, the CO oxidation reaction was con- 
sidered to be insensitive to structure. Consequently, as discussed by Boudart et al. [58], 
the reaction rate should be independent of the size of supported Pd particles. However, 
Stara et al. [59] reported significant size effects by studying the transient CO, for- 
mation on Pd nanoparticles supported on Al,O3. Whereas LH activation energy de- 
termined for 2.5 nm sized Pd nanoparticles was «20 kJ/mol, for particles of 27 nm in 
diameter it was 30-45 kJ/mol [58]. Such significant effects, however, are not observed 
in recent work of Meusel et al. [60] on the same model systems. They found similar LH 
activation energies for 5-6nm Pd particles and Pd(11 1), i.e., around 60 kJ/mol de- 
pending on the reaction conditions (see Table 3). 


3.2. Molecular beam techniques 

Before discussing the results obtained on supported Pd clusters, it is worth noting that 
an important experimental tool for such measurements on model catalysts proved to 
be the use of molecular beam techniques (e.g., molecular beam reactive scattering 
(MBRS)). While in the preceding section concerning the CO oxidation on supported 
gold clusters the catalytic properties were determined by comparing one-cycle TPR 
and FTIR experiments with ab initio calculations, most investigations on Pd clusters 
were performed by utilizing isothermal, transient molecular beams generated by piezo- 
electric-driven pulsed valves. Compared to TPR, the use of MBRS offers more re- 
alistic reaction conditions since the reactions take place at a constant temperature 
and multiple reaction cycles can be studied [57]. The latter aspect is especially im- 
portant for catalytic reactions on small clusters, as it proves that the clusters are stable 
under reaction conditions (see below) [61]. Furthermore, in MBRS, reactions can be 
studied under steady-state as well as under transient conditions. The experimental 
set-up for pulsed MBRS used in the presented studies is shown in Fig. 16 [61]. As can 
be seen, the deposited clusters are exposed to the reactant gases (CO and O2) by 
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two kinds of valves. A constant isotropic O, pressure is induced by a commercial 
variable leak valve, while the transient CO beam is generated by the home-made 
pulsed valve. The reaction products coming off the sample are detected by an ab- 
solutely calibrated quadrupole-mass spectrometer. A stainless steel tube attached to 
the pulsed nozzle collimates the molecular beam and guarantees that only the sample 
is exposed to the beam, thus minimizing the pressure increase in the UHV-chamber 
during the experiment. The pulse frequency and duration can be varied over a wide 
range; typical values are 0.1 Hz and a pulse width of 100 msec (resulting in a maximal 
effective pressure of 1x 10 ^mbar at the surface) The excellent pulse-to-pulse 
stability, the beam profile, and the transient beam intensity at the sample position are 
shown in Fig. 16. Information on different set-ups for studying supported model 
catalysts by molecular beams, especially in combination with other experimental 
tools, such as FTIR spectroscopy, can be found in a recent review by Libuda and 
Freund [57]. 

The difference between the results obtained in TPR and MBRS experiments is 
exemplified in Fig. 17 for the CO oxidation of supported Pd atoms. Although Pd 
atoms form CO, in a one-heating cycle of a TPR experiment at around 280K as 
depicted in the inset of Fig. 17b, no significant CO» signal is observed in pulsed MBRS 
experiments at the same temperature. In the pulsed MBRS measurements, the max- 
imum reaction rate is observed around 450—500 K, where considerable amounts of 
CO, are formed on the surface (Fig. 17). There are two reasons for this observation: 
(1) in the TPR experiments the coverage of the reactants changes during the course of 
the measurement and (2) supported Pd atoms are not stable at 300K after CO; 
formation and form larger clusters during the reaction. The second conclusion can be 
inferred from FTIR studies where the absorption bands of the probe molecule CO 
adsorbed on Pd atoms were monitored during the CO oxidation, 1.e., with increasing 
temperature (Fig. 18). At 90K for CO saturation coverage, a main absorption band 
between 2045 and 2005cm ! (Fig. 18a) is attributed to two on-top-bound CO mol- 
ecules on the Pd atoms (Fig. 18b). In the presence of O», the high-frequency CO is 
efficiently oxidized as observed by the decrease of the corresponding band in the 
temperature range 180—250 K. At a temperature of 300K, a new band at 1830cm ` 
grows in (Fig. 18a), which can be attributed to bridge-bonded CO. This binding mode, 
however, is only possible when larger clusters are formed via coalescence. In fact, the 
whole process has been described with ab initio calculations as well [62]: the low- 
temperature mechanism observed in the one-heating cycle experiment involves the 
perpendicularly bonded CO and a molecularly bonded, highly activated O5 on 
the atom-substrate interface (Fig. 18b). Once the temperature of 300 K is reached and 
the first reaction cycle takes place, the trapped Pd atoms start to migrate and coalesce 
to larger clusters. This sudden migration is caused by the filling of the trapping center 
(oxygen vacancy) of the atom by the remaining oxygen atom after the formation of 
one CO; molecule, which strongly reduces the binding energy of the Pd atom with the 
substrate. Accepting this mechanism, it becomes evident that the catalytic formation 
at temperatures larger than 400 K and measured by pulsed molecular beams originates 
from larger Pd clusters. Thus, single Pd atoms do not withstand the first reaction cycle. 
As this example shows, studying catalysis on cluster model systems, TPR/FTIR 
and MBRS experiments can give complementary information on the reactivity and 
stability of the system. 
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Figure 17: CO» transients for representative temperatures obtained in MBRS experiments on Pd;/MgO 
(100) model catalysts at an isotropic pressure of O of 5 x 107 mbar and an effective pressure of CO of 
1 x 107^ mbar. (b) Evolution of the absolute TOF as a function of temperature. The inset shows the CO; 
formation obtained by a one-heating cycle TPR experiment. 


3.3. Activation energies 

In the following we concentrate on the properties of stable Pd, (N = 8 and 30) clusters 
studied by pulsed MBRS [63]. CO» transients obtained for Pdg (0.65% monolayer 
(ML)) soft-landed onto a well-defined MgO(100) thin oxide film are displayed in 
Fig. 19 for selected temperatures. Below 300 K no significant CO, evolution is ob- 
served, whereas with increasing temperature a CO» signal arises, reaching a maximum 
at around 450K, before decreasing again at higher temperatures. At 709K, CO2 
production is no longer observed. The transients are averaged over 30 cycles, showing 
that indeed Pd particles are stable under reaction conditions. Interestingly, in addition 
to the main peak, a small delayed contribution to the CO, formation is observed 
at 351 K between 1 and 2 sec (see enlarged transients in Fig. 19a). The delay time 
decreases with temperature, and at 450 K, the second peak merges with the main 
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Figure 18: (a) Temperature-dependent CO absorption bands during the CO-oxidation on Pd;/MgO(1 00) 
model catalysts. In these experiments, the samples were annealed to the indicated temperatures and the IR 
spectra were recorded at 90 K. (b) Reaction mechanism of the CO-oxidation on a single Pd atom adsorbed 
on an F center, obtained by ab initio calculations (see text). 


peak. Such a delayed contribution is also observed in MBRS investigations on sup- 
ported Pd nanoparticles [58, 64—66]. Its origin can be explained by the competitive 
adsorption of the two reactants, CO and O>. In the pulsed molecular beam exper- 
iments, upon opening the valve, the cluster experiences a high CO partial pressure, 
which rapidly decreases after closing the valve since at that moment CO is only 
supplied by diffusion from the substrate (see below). Consequently, the delayed CO, 
formation disappears at temperatures above 450 K, where CO readily desorbs from 
the substrate (see Fig. 19) and becomes enhanced by increasing the O5 background 
pressure up to 2 x 10 5 mbar. This is due to the fact that the oxygen supply is the 
limiting factor. 

Based on the change of produced CO; molecules with time, the reactivity of the 
clusters can be expressed as maximum turnover frequencies (TOF), calculated by 
dividing the maximum of the absolutely calibrated CO, signal by the number of 
deposited Pd atoms (Fig. 19). By this, three temperature regimes can be distinguished 
for the reactivity of Pd clusters for the CO oxidation reaction. The first temperature 
regime spans from 300 to about 350 K and is characterized by a rapid increase in the 
reaction rate with temperature. In this region, the apparent LH activation energy is 
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Figure 19: (a) CO; transients for representative temperatures obtained for Pdg/MgO(1 00)/Mo(1 00) model 
catalysts. The insets represent the enlarged transients. (b) Evolution of the maximum TOF as a function of 
temperature. 


determined. For the Pdg system, a value of 25.3 +2.5 kJ/mol is obtained, compared to 
36.5 3.2 kJ/mol on supported Pd39 clusters under the same experimental conditions 
(Figs. 19 and 20), indicating size-dependent catalytic properties of supported Pd 
clusters. The LH activation energies for Pd nanoparticles are in a similar range 
(see Table 3), but no obvious correlation is seen by comparing supported Pd clusters 
and Pd nanoparticles. It is worth noting, however, that the apparent activation en- 
ergies for the size-selected clusters are independent of the cluster coverage as can be 
seen by the same initial slope of the TOF with increasing temperature (Figs. 19 and 20). 
In this temperature region, the TOF is influenced only by the intrinsic properties of the 
specific cluster size since the total CO flux (see below) is constant. 
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Figure 20: (a) CO; transients for representative temperatures obtained for Pd3o/MgO(1 0 0)/Mo(1 00) model 
catalysts. The insets represent the enlarged transients. (b) The evolution of the maximum TOF as a function 
of temperature. 


3.4. Size effects 

In contrast to the first temperature regime, a clear dependence of the cluster coverage 
on the reaction rate is observed in the second temperature regime, i.e., between ~ 350 
and «500 K and in the third temperature region above 500K. Note that the third 
temperature region which is characterized by decreasing reaction rates with temper- 
ature due to possible cluster diffusion and agglomeration is not analyzed further. For 
the second regime, the temperature-dependent TOF of the CO oxidation reaction on 
Pd; and Pd39 are compared for two different coverages with identical covered surface 
areas of the support (see Figs. 19 and 20, respectively). This was possible due to the 
ability to vary the cluster coverage independently of the cluster size, which is an 
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important characteristic of size-selected cluster deposition and is in contrast to par- 
ticles prepared by metal vapor deposition. As can be seen, quite a different dependence 
from the cluster coverage is observed, manifesting a clear cluster size effect. In detail, 
the obtained TOF for the Pdg system are ~47 (CO,/Pd atom x sec) at 480K 
for 0.28% ML coverage and ~28 (CO,/Pd atom x sec) at 450K for 0.65% ML, 
respectively [63]. For the Pd39 system (Fig. 20), the maximal TOF was about 28 
(CO,/Pd atom x sec) for both coverages (0.12% and 0.28% ML). More important 
than the absolute values of the TOF is their dependence on the cluster coverage and 
the particle size. This is due to the fact that the absolute values of the TOF depend on 
the experimental conditions, e.g., the effective pressure of reactants on the surface. 
This becomes clear when comparing the TOF obtained for the clusters to values 
obtained for Pd nanoparticles supported on MgO(1 00) given in the literature [64, 67]. 
For example, TOF of 0.12 are obtained for Pd particles in the range of 2.8-13 nm in 
diameter measured in molecular beam experiments under steady-state conditions. 
However, at higher pressures (Pd nanoparticles supported on SiO2) values of 20-2000 
were obtained. 

An influence of the particle size on the reaction rate was also observed for Pd 
nanoparticles supported on MgO(1 00) by Henry et al. [64, 68]. By applying the so- 
called collection zone model, however, they concluded that the strong dependence on 
particle size and density is mainly due to the effect of the reverse spillover, 1.e., the CO 
diffusion from the support to the particles. The basic idea of the collection zone model 
is displayed in Fig. 21. In short, CO molecules impinging on the surface can either be 
(1) adsorbed directly on the catalyst particle (direct flux, Fair), (2) be reflected from, or 
(3) adsorbed on the substrate (diffusion flux, Fair). For the latter it is assumed that all 
molecules will be captured by the catalyst particles by surface diffusion, which are 
adsorbed within the collection zone circularly surrounding the particle. This collection 
area is defined by the mean diffusion length of the CO molecule on MgO, which is a 
function of the residence time, the cluster size, and the cluster coverage. The diffusion 
area is maximal at low temperature, small cluster sizes, and low cluster coverage. 


Collection zone 





Figure 21: Collection zone model incorporates the diffusion flux onto a cluster beside the direct flux im- 
pinging directly from the gas phase. The amount of diffusive molecules reaching a cluster is defined through 
the collection zone, which is described by the mean diffusion length of the molecule on the support at the 
specific temperature. 
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Thus, by increasing the temperature, the cluster size, and/or the cluster coverage, the 
collection area will decrease. Under the boundary condition of overlapping adjacent 
zones, the total molecular flux to the catalyst particle Lal is calculated by the im- 
pinging flux J; and the so-called global sticking coefficient o: 


Fiot = Fair + Fam = Zelt (4) 


This equation is obtained from a solution of the differential diffusion equation and 
the cluster surface cross-section. For further details on the collection zone model see 
Refs. [58, 69]. 

From a fundamental point of view, it is therefore more appropriate to compare 
reaction probabilities (under identical conditions) rather than the different TOF. The 
reaction probability (RP) is given by RP = TOF/Fiot, defining the probability of 
transforming an impinging CO molecule, delivered either by direct or by diffusion flux 
(Fait), into the product molecule CO3. The reaction probabilities for the CO oxidation 
on Pd clusters obtained by applying the collection zone model are displayed in Fig. 22 
[63]. As for the TOF, the properties of Pdg and Pd3o show a distinctively different 
behavior. While for both coverages of Pdg the RP is approximately the same, for Pd3 
it clearly depends on the cluster coverage. As mentioned, the ratio of Fajr/Fair is 
temperature dependent and it is higher for low cluster coverages, revealing an in- 
creased diffusion flux (insets in Fig. 22). As can be seen, a high diffusion flux results in 
a diminished reaction probability for Pd39. This means that the conversion of CO to 
CO; is significantly less efficient for the CO molecules diffusing from the substrate 
than for CO molecules directly impinging from the gas phase onto the cluster. In the 
case of Pdg, a higher efficiency of the diffusion flux is deduced compared to Pd39. For 
this behavior two scenarios are possible: either the reaction takes place on the cluster 
or at the particle-support interface. In this case both pathways would have similar 
activation energies. Alternatively, only a small barrier for CO diffusion from the 
substrate onto the cluster exists. Unfortunately, these two scenarios cannot be dis- 
tinguished by experimental means and additional information is required from ab 
initio DFT calculations. Recently, however, Huber et al. performed DFT calculations 
for the CO oxidation on Pdy (N = 4-9) clusters [70]. They found that magnesia- 
supported Pd clusters form crystalline Pd,O, clusters upon reaction with oxygen. 
When exposing CO to the Pd9O,/MgO system, they observed different energy barriers 
for different reaction channels. The diffusion barriers of CO on the cluster, however, 
are low, preventing the experimental discrimination of the two reaction mechanisms. 


3.5. NO reduction by CO on Pd single crystals and supported Pd nanoparticles: a short 
summary 

As the CO oxidation reaction, the NO + CO > IN, + CO; reaction has been exten- 
sively investigated on Pd single crystals as well as on supported nanoparticles [71—84]; 
only a short summary is given here. For our discussion, the most important result 
from single crystal studies is the structure sensitivity of the reaction. As the first step of 
the reaction, the adsorption of NO was investigated. It was found that while NO is 
molecularly adsorbed on the close-packed Pd(11 1) surface up to elevated tempera- 
tures, on more open surfaces NO readily dissociates upon adsorption. Somewhat 
surprisingly, however, the activity for NO reduction by coadsorbed CO increases in 
the order Pd(100) « Pd(110) « Pd(11 1) [78, 82, 83]. These results were explained by 
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Figure 22: The reaction probabilities as a function of temperature for different surface coverages of the Pdg 
(a) and Pd3o (b) clusters. The insets depict the calculated ratio of Fair/Fai, as a function of temperature. 


the formation of a strongly bound nitrogen species upon dissociation, which effec- 
tively blocks the active sites and thus poisons open surfaces. Henry et al. systematically 
studied the NO CO reaction on Pd nanoparticles supported on MgO(100) using 
MBRS. The main reaction product found was N>, with only a small fraction of NO 
being formed. NO reduction was observed only at temperatures where NO dissociates 
upon adsorption and it was concluded that NO reduction exclusively occurs via dis- 
sociative NO adsorption. Two different types of adsorbed nitrogen atoms, N(a), were 
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proposed, with one type being more strongly bound to the surface than the other one. 
The more strongly bound N(a) poisons the active sites of the particle surface. Fur- 
thermore, it was found that the efficiency of the CO» formation depends on the 
structure and thus the size of Pd nanoparticles. Taking into account the capture zone 
effect (note that by metal vapor deposition the size of nanoparticles cannot be varied 
independently of the coverage), the authors concluded in accordance with the single 
crystal studies that particles with the highest density of close-packed facets are the 
most active. 


3.6. NO reduction by CO on supported Pd, clusters 

The NO reduction by CO was studied on Pdy clusters supported on thin MgO 
(100) films for N «30. As for the CO oxidation reaction utilizing pulsed molecular 
beams, it was shown that small Pd clusters indeed remain active during multiple 
(7 100) catalytic cycles. In these experiments, molecular nitric oxide was pulsed onto 
the supported Pd clusters, whereas CO was introduced as a background pressure. The 
product molecules CO, and N; were detected as a function of cluster size, temperature, 
and CO background pressure. The catalytic formation of CO, on Pd, and Pd; is 
shown in Fig. 23a and b for selected temperatures. CO was dosed at a partial pressure 
of 5 x 10^" mbar, whereas NO was pulsed at the time ¢ = 0 effecting a partial pressure 
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Figure 23: Transient CO, formation at selected temperatures measured in a pulsed molecular beam ex- 
periment on (a) Pd3o and (b) Pdg. CO was dosed at an isotropic CO pressure of 5 x 10 7 mbar, whereas at the 
time t — 0 NO was pulsed effecting a partial pressure of 1 x 10 ^ mbar. (c) Number of CO, molecules 
produced divided by the number of deposited Pd atoms times the pulse width (0.1 sec) plotted as a function 
of temperature. 
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of 1 x 10 * mbar. The pulse duration was 0.1 sec. In Fig. 23c, the catalytic activity for 
both cluster sizes is summarized by plotting the number of produced CO, molecules 
per Pd atom divided by the pulse width as a function of temperature. As can be seen, 
for both cluster sizes, Pdg and Pd39, up to a temperature of about 390 K almost no 
catalytic reactivity is observed. On Pd39 CO» formation starts at a temperature ap- 
proximately 30 K lower than that for Pdg; however, Pd; is less reactive based on the 
maximum reactivity, which is 0.34 CO,/atom x sec at 420 K and 0.54 CO,/atom x sec 
at 450K for Pd39 and Pdg, respectively. As expected, at higher temperatures the 
formation of CO; decreases for both cluster sizes. Interestingly, Pd, (not shown) 
shows no measurable catalytic reactivity under any of these experimental conditions. 
In order to attribute these differences in catalytic activity to intrinsic electronic prop- 
erties of the respective cluster size (quantum size effects), one has to assure that they 
cannot be explained by purely geometric effects, i.e., the size-dependent difference of 
the surface to bulk ratio of the Pd atoms of the respective clusters. For Pd3o, the exact 
ratio of surface to bulk atoms is not known, but we can estimate it based on a 
truncated octahedron of order 1, which contains 38 atoms. For such a configuration, 
the surface is composed of 32 atoms, representing 84% of the total number of atoms, 
whereas for Pdg all atoms are surface atoms. Thus, for a pure geometric effect, an 
increase in reactivity of about ~19% would be expected when comparing Pd; with 
Pd3o. This is significantly smaller than the experimentally observed increase in reac- 
tivity by ~59%, and the difference in catalytic activity between Pdg and Pd3o can be 
attributed in part to the size-dependent electronic properties of small supported clus- 
ters. This conclusion is supported by the fact that the catalytic activity of the clusters 
reaches its maximum at temperatures that are about 100K lower than those for 
supported palladium nanoparticles [71, 72, 85]. Although care has to be taken when 
comparing data obtained under different experimental conditions (e.g., the reaction 
temperatures depend on the partial pressures of the reactant), this interesting trend is 
also observed in independent TPR experiments [86]. The influence of the mole fraction 
of the reactants, i.e., NO and CO, on the reactivity of supported Pd clusters was 
studied in a separate set of experiments. From Pd nanoparticles it is known that a 
shallow reactivity maximum is reached at a 0.5 mole fraction of the two reactants. 
Since with only one molecular beam it is not feasible to adjust a fixed mole fraction, 
the catalytic reactivity was measured for both cluster sizes at the optimum temperature 
as a function of increasing CO background pressure (see Fig. 24). As expected from 
the fact that at the time of the NO pulse, the CO mole fraction is always « 0.5, the 
reactivity increases with the CO background pressure showing that these experimental 
conditions are far from the optimum. Interestingly, for Pdg (Fig. 24a) as well as for 
Pd3o (Fig. 24b), the peak width of the CO» transients decreases with increasing iso- 
tropic CO pressure. Similar to the delayed peak in the CO oxidation experiment, this 
finding can be understood based on the competitive adsorption of the two reactants, 
ie., on increasing the isotropic CO pressure, the NO molecules are replaced more 
efficiently on the cluster surface and the reaction can then take place. Thus, the 
reaction probability increases and narrower transients are observed. 


3.7. Low-temperature catalysis: the reaction mechanism 
In the following, the low-temperature reaction mechanism for NO reduction is dis- 
cussed based on Pd; clusters supported on MgO. As shown in the combined FTIR 
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Figure 24: CO, formation measured in a pulsed molecular beam experiment as a function of the isotropic 
CO pressure (indicated in the figure) for (a) Pd39 and (b) Pdg supported on a thin MgO(100) film. The 
temperature was 423 and 450 K, respectively. NO was pulsed for 0.1 sec, resulting in an effective partial 
pressure of 1 x 10 ^ mbar. 


and TPR studies displayed in Fig. 25, the reactivity strongly depends on the reaction 
conditions, i.e., which of the two reactant gases was dosed first. Whereas bare MgO 
films are inert for this reaction (Fig. 25c), two CO; peaks are observed in the TPR 
spectrum for CO-rich conditions (CO dosed before NO), i.e., a small one at 145 K and 
the main peak at around 300 K. Note that N; is produced as a broad peak centered at 
around 450 K (not shown). The latter CO, peak is observed for all reactive cluster sizes 
Pdy (N 7 4), and is due to the reaction of molecularly adsorbed CO and an adsorbed 
oxygen atom resulting from the dissociation of NO [86]. This conclusion is supported 
by the presence of a strong CO absorption band at 2055 cm '! (Fig. 25a, inset) and 
the fact that NO dissociates on the clusters (formation of N2). The same reaction 
mechanism 1s also observed in the pulsed MBRS experiments. By contrast, the low- 
temperature mechanism observed at 145K for Pd5y-Pd3o only [86, 87] has no 
corresponding CO; feature in the pulsed MBRS experiments and therefore is not 
relevant for continuous catalytic action. Nevertheless, the reaction mechanism is 
worth discussing, as it is unique to Pd clusters of a specific size. Also, such a low- 
temperature mechanism is not observed on Pd nanoparticles. The FTIR spectra 
indicate that the corresponding reaction mechanism can be ascribed to the direct 
reaction of molecularly bonded CO with an absorption band at 2055cm ! and a 
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Figure 25: CO, formation on Pd39 deposited on a thin Mg(100) film obtained by a TPR experiment. (a) 
TPR spectra obtained if CO is dosed prior to NO. (b) TPR spectra obtained for the case if NO is dosed prior 
to CO. (c) TPR spectra for the bare MgO film (CO is predosed). The insets show the FTIR spectra for the 
corresponding conditions recorded at 150K. 


threefold-bound NO with an absorption band at 1550 cm! (Fig. 25a, inset) [88]. By 
contrast, under NO-rich conditions, the formation of CO; is largely inhibited 
(Fig. 25b), as the cluster is poisoned mainly by molecularly adsorbed NO with an 
absorption band at 1720 cm "(Eis 25b, inset). Interestingly, the behavior of Pdzo 
clusters is much more similar to that of a Pd(11 1) surface than it is to Pd particles in 
the nanometer size range. In TPR experiments on Pd nanoparticles, nitrogen recom- 
bination is observed at 500 and 680K, which is 50-230 K higher compared to the 
cluster model catalysts [80]. By contrast, on Pd(111) the high-temperature peak is 
almost absent and even disappears when the reactants are dosed at low temperature 
(as in the cluster TPR experiments). As discussed above, it was concluded that the 
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reactivity of Pd depends on the formation of a strongly bound N species upon dis- 
sociation of NO, which at steady-state conditions poisons the catalyst. The similarity 
between Pd(1 1 1) is also found in FTIR spectra. NO adsorbed on Pd(1 1 1) shows two 
bands near 1560 cm "` (main peak above RT) and 1740 cm! (main peak below RT) 
corresponding to threefold and bridge sites, respectively. On Pd3o a strong absorption 
is observed at 1725cm7' at low temperature, while above RT an absorption band 
appears near 1590cm~'. By comparison, on Pd(100), NO gives only one absorption 
band that shifts from 1630 to 1672cm! when the temperature decreases from 500 to 
100 K. However, there are distinct differences between Pd3 and Pd(111). First, in 
TPR experiments, the low-temperature CO, peak at 145 K is observed on Pd3 but not 
on Pd(11 1). Furthermore, desorption of CO and NO from the small clusters is ob- 
served at much lower temperatures in comparison to the Pd(111) surface (Pd3o: 
x 300 K for CO and 370 K for NO). This may either indicate smaller intrinsic binding 
energies of these molecules with the cluster or higher local densities of the adsorbates, 
where a larger repulsion leads to lower desorption temperatures. In addition, the 
energy of formation of N, on the cluster is distinctly smaller than that on extended 
surfaces and nanoparticles with crystalline facets. This may be due to a decreased 
interaction of atomic nitrogen atoms with the clusters and/or an increased dissociation 
probability of NO resulting in high local N44 densities and a concomitant strong 
repulsion favoring N, formation. Thus, for small clusters poisoning through Nag is 
neutralized at distinctly lower temperatures in comparison to surfaces of bulk pal- 
ladium. 


4. THE POLYMERIZATION OF ACETYLENE ON SUPPORTED CLUSTERS 


One specific reaction of the polymerization of acetylene on palladium, the cyclo- 
trimerization, is shown to occur only on an ensemble of at least seven atoms in the 
case of Pd(111) single crystals [89]. This indicates that this class of reaction is 
strongly dependent on the structure even for bulk materials. In the gas phase it has 
already been shown that atomic metal ions reveal a very interesting chemistry with 
respect to hydrocarbons (e.g., see in the reviews by Schwarz and Schróder [90, 91]). As 
an example, Kaldor and co-workers have studied palladium and platinum clusters 
interacting with a series of alkanes and aromatics [92—94]. In the case of CH4 on Pty 
with up to N — 24 atoms, activation was realized for the first time on an unsupported 
metal cluster, and the reaction had a distinct cluster size dependence, with Pt, to 
Pts being the most reactive. Charged Pty ~ clusters (N = 1-9) react with subsequent 
elimination of molecular hydrogen H, to form the final metal carbene complex 
Pty ~ CH» [95]. In general, the cation cluster reactions were found to proceed more 
than one order of magnitude faster than the anionic cluster reactions. The platinum 
tetramer anion is unique in this respect, reacting more efficiently than the corre- 
sponding cation. Indications for a correlation of reactivity with the availability of low- 
coordination metal atoms were discussed by Trevor et al. [94]. Thus, it was speculated 
that low-coordination metal atoms activate CH, more readily than close-packed metal 
surface atoms [96]. The propensity of small Pd clusters to activate methane in a similar 
manner was also confirmed theoretically [97-99]. This indicates that in contrast to 
bulk materials already very small, free clusters in the non-scalable size regime reveal 
rich hydrocarbon chemistry. Indeed, we show in this section that already one metal 
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atom may be enough to catalyze the cyclotrimerization reaction of acetylene. Whether 
the reaction finally occurs or not depends not only on the type of atom or the support 
material and their defects, but also on the dynamics of the atom on the support. 
Further studies on small clusters revealed the possibility for tuning the branching ratio 
of the polymerization simply by changing the cluster size. 


4.1. The trimerization reaction on single atoms 

In contrast to both, Pd(1 1 1) [89], where an ensemble of seven atoms is needed for the 
reaction to occur, and solid Rh surfaces, which are inert, single Pd as well as single Rh 
atoms catalyze the cyclotrimerization reaction. In TPR experiments benzene is formed 
and desorbs at 300 and 430 K, respectively (Fig. 26). Furthermore, the reaction is very 
selective as no other product molecules of the polymerization reaction (e.g., C4H6, 
C4Hg) are observed. However, similar to the bulk, single Ag atoms are found to hardly 
yield any benzene product (Fig. 26). 

The electronic configurations of the various atoms and their change upon interac- 
tion with the support is one key factor for the element-specific reactivity [86]. Free Ag 
atoms do not adsorb C,H, due to the presence of the partially filled 5s level. This 
orbital does not hybridize with the filled 4d shell. As it is spatially expanded, it gives 
rise to a strong Pauli repulsion with the electronic states of the reactant in the entrance 
channel; thus, the reaction is not possible. A free Pd atom (4d!°) readily adsorbs two 
C-H, molecules by an average binding energy of 1.35eV/molecule and transforms 
them into the C4H4 intermediate with an energy gain of 3.9eV. A third acetylene 
molecule, however, is only weakly bound and practically not activated. Therefore, a 
free Pd atom is also inert for the cyclotrimerization reaction. With the open d-shell 
configuration, however, Rh atoms become reactive and produce benzene at very low 
temperatures. The first two acetylene molecules adsorb with an energy gain of 1.57 and 
1.23 eV, respectively, and transform with a very small barrier (0.04 eV) and an energy 
gain of 0.86 eV into the metallopentacycle, Rh(C4H,4). The third acetylene molecule is 
readily adsorbed (0.76 eV) and activated as shown by a change from sp- to partly sp?- 
hybridization. Finally, benzene is formed with a low barrier (0.24 eV) and an energy 
release of 2.1 eV. 

Upon interaction with the MgO support there may be subtle changes in the elec- 
tronic structure of the atoms, which can result in different reactivities. For Ag atoms, 
however, these changes are minor and Ag atoms remain inert when adsorbed on the 
oxide surface (Fig. 26). This 1s also confirmed theoretically. In fact, it is found that 
activation of Ag atoms would require depopulation of the 5s orbital, which is not 
possible on basic oxides like MgO. Thus, the Ag/MgO(F) complex shows no ability to 
bind acetylene. In contrast to the inert character of Ag atoms, single Pd atoms are 
turned into active species when deposited on MgO films and benzene is detected in the 
TDS spectra at 300 K. This astonishing result can be rationalized by theoretically 
studying the Pd atom adsorbed on different MgO sites. First, a Pd atom on a five- 
coordinated oxygen ion on the MgO(00 1) terrace, Osc, is bound by about 1 eV. It was 
found that the Pd(C4H4) complex is indeed formed but the third acetylene molecule 
is not bound to the complex and therefore this configuration remains catalytically 
inactive. On four-coordinated steps or three-coordinated corner oxygen sites, O4, 
and O;., respectively, the Pd atom binds slightly more strongly with an energy of 
1.2-1.5eV. Asa result, the atom becomes more reactive. However, on both Os, and O4, 
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Figure 26: TPR spectra of C;H, formed on Ag, Pd, and Rh atoms deposited on defect-rich MgO thin films 
grown on Mo(100) surfaces. For comparison, the same experiment was performed on a clean defect-rich 
MgO film. Shown is also the calculated (C4H4)(CoH5)/Pd;/F5c intermediate of the cyclotrimerization re- 
action on Pd atoms adsorbed on an F center of the MgO(100) surface. For Pd atoms the formation of 
benzene was also observed at 220K. 


sites, the third C,H» molecule is only weakly bound or even unbound to the Pd(C4HA4) 
surface complex, with the binding energy being smaller than the activation energy of 
the formation of C6H6. The interaction of Pd atoms with F centers is much stronger, 
3.4eV. On F* centers, binding energies are about 2eV smaller, but still enough to 
efficiently trap the metal atoms [100, 101]. Furthermore, the presence of trapped 
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electrons at the defect site results in a more efficient activation of the supported Pd 
atom. In fact, the complex (C4H4)(C;H5)/Pd;/Fs. (Fig. 26) shows a large distortion 
and a strong interaction with a third C,H, molecule. These results indicate that F and 
E" centers can act as basic sites on the MgO surface and convert the inactive Pd atom 
into an active catalyst. Notice that the supported Pd atoms on defect sites not only 
activate the cyclization reaction, but also favor benzene desorption, as shown by the 
very small (Cello Bd: adsorption energy. The complete reaction path for this 
specific nanocatalyst has been calculated [102] and 1s shown in Fig. 27. The first barrier 
of the reaction path is the one for the formation of the intermediate Pd(C4H4) and 
it is only 0.48eV. The formation of the C4H4 intermediate is thermodynamically 
favored by 0.82 eV. On (C4H4)/Pd;/Fs., the addition of the third acetylene molecule is 
exothermic by 1.17eV, leading to a very stable (C4H4)(C5H5)/Pd;/Fs. intermediate 
(Fig. 27). To transform this intermediate into benzene a barrier of 0.98eV must be 
overcome. The corresponding energy gain is very large, 3.99 eV, and mainly related to 
the aromaticity of the benzene ring. Once formed, C&Hg is so weakly bound to the 
supported Pd atom that it immediately desorbs. Thus, the reaction on Pd/F;. is rate 
limited in the last step, the conversion of (C4H4)(C;H5) into C6H6. This differs from 
the Pd(1 11) surface where the rate-determining step for the reaction is the benzene 
desorption. The calculations are consistent with the experimental data. In fact, on 
Pd;/Fs. the computed barrier of 0.98 eV corresponds to a desorption temperature of 
about 300 K, as is experimentally observed (Fig. 26). On Pd(1 1 1) surfaces, the binding 
energy of benzene is estimated to be ~ 1.9eV.This binding is consistent with a des- 
orption temperature of 500K as observed for a low coverage of C6H6 on Pd(11 1) 
[103]. Thus, this atom is activated on specific sites, F centers, of the MgO surface. 
From FTIR studies and using the CO molecule as a probe, it is known that Pd atoms 
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Figure 27: Computed reaction path for the formation of benzene starting from acetylene promoted by a Pd 
atom supported on a neutral oxygen vacancy at an MgO terrace, F5c (DFT BP results, see text). 
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already diffuse upon deposition to F centers and that it is this defect site which 
activates the Pd atom via a substantial amount of charge transfer [104]. 

A significant change in reactivity upon deposition is also observed for Rh. In this 
case, however, Rh atoms are deactivated, as the reaction occurs at higher temperature 
than predicted for the gas phase by DFT calculations. The product molecule, benzene, 
is found to desorb as a broad peak between 350 and 500 K (Fig. 26). The identification 
of the involved reaction mechanisms is more complex since Rh atoms are stabilized at 
two different trapping centers after deposition and migration on the MgO surface also 
occurs upon heating. This indicates that other key factors, such as the stability and 
diffusion properties of the deposited atoms, are relevant for the reactivity. In detail, 
after deposition and prior to acetylene exposure, the majority of the Rh atoms bind to 
step edges. Calculations show that these Rh atoms strongly interact with the first 
acetylene molecule by 1.76eV. The reactant becomes highly activated as indicated by 
the long C-C distance (d(C-C) = 1.315 A), and by the small HCC angle (7 (H-C-C) = 
140.2°). The Rh(C;H5;) complex is tightly bound (2.5eV) to the surface. The high 
stability of the Rh(C2H5) complex together with steric effects prevents adsorption of a 
second and third acetylene molecule to form the Rh(C>H3>), and the Rh(C>H>); com- 
plexes essential for promoting the reaction. As a comparison, for free Rh atoms, the 
two acetylene molecules are bound at opposite sites, a configuration which is not 
possible when Rh is bound to step edges. Thus, in this configuration Rh atoms do not 
contribute to the observed formation of benzene. Heating up the model catalysts above 
room temperature induces migration of the Rh(C5H5) complex to those F centers, 
which were not populated upon deposition of Rh atoms. On F centers, the Rh(CoH;) 
complex is stably trapped with a binding of 2.8eV. The computed diffusion barrier 
for Rh(C;H5) from a step (z 1 eV) is considerably lower than the binding energy of 
acetylene to Rh (1.76 eV), and consequently the entire Rh(C;H;5) complex detaches from 
the step edges and migrates on the surface. Interestingly, when Rh is bound at an 
F center, the binding (1.06 eV) and activation (d(C-C) = 1.274 A; 4 (H-C-C) = 149°) 
of the acetylene molecule is considerably weakened with respect to the step case. This 
is one of the reasons why a second residual acetylene molecule from the vacuum 
chamber can then adsorb on Rh yielding an energy gain of 0.96eV. At this stage of 
the process, the sample temperature is high enough (>300 K) that the complex is 
immediately transformed into the metallopentacycle, Rh(C4H4), with a gain of 0.91 eV 
and overcoming a barrier of 1.18eV. This complex binds a third acetylene molecule 
with a binding energy of 1.07eV and the product is subsequently formed in an 
exothermic process (3.2eV). The activation energies involved in the formation of the 
metallopentacyle (AE* = 1.18 eV) and benzene (AE* = 1.07eV) are of the same order 
but are about 20% higher than for Pd. This explains the higher reaction temperature 
for Rh. Notice that these are the rate-determining steps since, due to strong Pauli 
repulsion, benzene desorption requires very little energy (<0.2eV) for both, Pd/ 
MgO(F) and Rh/MgO(F). Assuming the Redhead equation with a pre-exponential 
factor of 10^, the computed barriers correspond to a reaction temperature of about 
300 K, which is lower than the temperature of maximal benzene formation at 420K. In 
addition, the activation energy for benzene formation is similar to the barrier for 
detaching the Rh(CoH5) complex from step edges. Thus, only Rh atoms initially 
trapped at F centers contribute to the initial formation of benzene at 350K, and 
the main contribution at higher temperature originates from Rh atoms first trapped at 
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Figure 28: The proposed mechanisms are shown schematically for the three atoms. Ag and Pd atoms 
decorate exclusively F centers after deposition, whereas Rh is trapped at step edges and F centers at 90 K. Ag 
atoms do not adsorb acetylene and are therefore inert for the reaction. Pd and Rh form benzene only when 
trapped at F centers. Note that the relatively broad temperature range for the formation of Cele on Rh 
originates from the fact that Rh is trapped at two defect sites at 90 K and that the reaction occurs only after 
diffusion of the Rh(C>H>) complexes from steps to F centers. For more details see text. 


step edges and subsequently activated after diffusion to the F centers. The existence of a 
distribution of Rh atoms at F centers and at step edges prior to reaction therefore 
explains the rather broad desorption peak of benzene in contrast to the narrow peak 
observed for Pd, which populates only one kind of defect centers already at the dep- 
osition stage. The situation is even more complex as it could be shown that Rh can 
detach at around 450K from the F centers and form larger clusters [105]. In this 
context, it is important to note that larger Rhy clusters with N>10 are inert for the 
cyclotrimerization reaction. 

The reaction mechanisms on the three atoms are summarized in Fig. 28. The specific 
electronic configuration of Ag renders these atoms inert for the polymerization of 
acetylene both as free and as supported atoms. The reactivity of Pd and Rh is strongly 
influenced by their adsorption and diffusion dynamics on the MgO surface. Pd atoms 
are converted into active catalysts for the cyclotrimerization reaction only when ad- 
sorbed on F centers as charge donation from the defect site to the atom occurs upon 
bonding. Finally, the low activation barriers present in free Rh atoms are substantially 
increased for Rh adsorbed on an MgO surface. The cyclotrimerization can only be 
catalyzed when Rh is trapped on F centers since steric effects, which are especially 
marked for supported atoms and small clusters, prevent the adsorption of a second or 
third acetylene molecules upon step edges. 
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4.2. The selectivity of acetylene polymerization on Pd, clusters 

Whereas single Pd atoms are very selective for the production of benzene, the 
polymerization of acetylene on larger Pd, clusters reveals a remarkable pattern in 
the product formation (Fig. 29). Striking atom-by-atom size-dependent reactivity 
and selectivity are observed. Only three reaction products C6H6, C4Hs, and C4H6 are 
detected. Interestingly enough, no C3H,, CsH,, and Ce, are formed, indicating 
the absence of C-C bond scission as already observed on Pd single crystals [106] and 
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Figure 29: TPR spectra of the catalytic formation of C6H6, C4H6, and C4Hg for a defect-rich MgO thin film, 
Pdi, Pd4, Pde, Pdg, Pd;5, Pd»o, and Pd39. The relative ion intensities are corrected with the relative detection 
efficiencies of the experiment and scale with the number of formed product molecules per cluster. 


44 MATTHIAS ARENZ, STEFAN GILB AND UELI HEIZ 


Pd particles [107]. Up to Pd3, only benzene is catalyzed reflecting a high selectivity for 
the cyclotrimerization of acetylene. Pdy (4€ N«6) clusters also reveal a second re- 
action channel by catalyzing the formation of C4H¢, which desorbs at about 300K. 
The third reaction product, C4Hs, desorbing at a rather low temperature of 200 K, is 
clearly observed for Pda. For this cluster size, the amount of the three reaction prod- 
ucts is found to be similar. For even larger clusters (13 N x30), the formation of 
C6H6 increases with cluster size, whereas the conversion of acetylene into C4Hg 
reaches a maximum for Pdzọ. Note that Pd39 selectively suppresses the formation of 
CH, (the peak in the TPR spectrum of C4Hg at 200 K is part of the fragmentation 
pattern of C4Hg). For Pd»o, the experiments were repeated in the presence of D» [108]. 
D» was exposed prior and after C,H». The results clearly indicate that no product 
containing deuterium is formed. Consequently, D» is not involved in the polymer- 
ization reaction. However, the presence of D» opens a new reaction channel, the 
hydrogenation of acetylene. In addition, D5 blocks the active sites on the palladium 
clusters needed for polymerization, as the formation of the products is slightly reduced 
when exposing D» prior to C>H>. On Pd(11 1), pre-dosing with H> completely sup- 
presses the cyclotrimerization but enhances the hydrogenation of acetylene to form 
ethylene [103]. 

Assuming stoichiometric reactions, as indicated in Fig. 30c, and estimating the 
relative number of C,H; from Fig. 30a, one observes a proportional increase of ace- 
tylene with the number of palladium atoms per cluster up to Pd;5. Surprisingly, at this 
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Figure 30: (a) Reactivity (expressed as the number of product molecules per cluster) and (b) selectivity 
(expressed as the relative amount in %) of the polymerization of C2H3 on size-selected Pdy (N = 1-30) 
deposited on defect-rich MgO thin films. Also shown is the relative number of reacted C,H, as function of 
cluster size (c). 
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cluster size the surface-to-bulk ratio as well as the coordination number of Pd in the 
cluster changes since at this size one Pd atom sits completely in the cluster. In addition, 
according to the free stoichiometric chemical reactions, each reaction requires a min- 
imum number of Pd atoms, which are 3, 4, and 6. The experimental results are 
surprisingly consistent, that is C4H6 is formed for Pdy with N>4 and C4Hg for cluster 
sizes with Nz 6. 

Analysis of the products formed on small size-selected Pdy (1 < N « 30) clusters de- 
posited on MgO(100) thin films indicates that the surface intermediate C,H, is pro- 
duced efficiently on all cluster sizes. Thus, at least two acetylene molecules are adsorbed 
in a n-bonded configuration at the initial stage of the reaction [101]. The observed size- 
dependent selectivity may then be understood by regarding the influence of the cluster 
size to steer the reaction either toward the cyclotrimerization to form CgH¢ or toward a 
direct hydrogen transfer from adsorbed C,H, to the C4H4 intermediate to catalyze the 
formation of C4H6 or C4Hg, respectively. Cyclotrimerization is generally observed 
when a third acetylene molecule is adsorbed in a n-bonded configuration, which results 
in a change from sp-hybridization toward sp?-hybridization [109]. This bonding con- 
figuration leads to a weak activation of the C-H bond, analogous to ethylene [110]. The 
hydrogenation of the Pdy(C4H4) metallocycle, on the other hand, is favored by the 
adsorption of di-o/n-bonded acetylene to three Pd atoms, effecting a more efficient 
activation of the C-H bond, in analogy to ethylene [110]. 

As shown above, for Pd atoms adsorbed on defect sites, the Pd(C4HA4) intermediate 
is readily formed as shown in Fig. 26. A third adsorbed C,H» molecule is purely 
m-bonded and the activated acetylene molecule reacts with the intermediate to form 
benzene with a total exothermicity of about 7eV (Fig. 27). The weakly bound C,H, 
(0.3 eV) then desorbs at low temperature from the nanocatalyst [101]. A second re- 
action channel, the formation of butadiene, C4H6, opens for Pd4. Pdg reveals the 
highest selectivity for this channel. In this case a third C,H» molecule can bind in a di- 
o/n bond configuration to three Pd atoms. The charge transfer from the substrate to 
the cluster further enhances the activation of the C-H bonds. For even larger cluster 
sizes, the adsorption of two di-c/n-bonded C,H» molecules becomes possible and 
opens up the third reaction path, the formation of C4Hs. This is clearly observed for 
Pdg in our experiments. Purely geometric arguments (possible adsorption of two 
di-c/n-bonded C;H; molecules close to the C4H4 intermediate) suggest that this third 
channel is more pronounced for the larger clusters, and indeed our results show a 
maximal C4Hg formation for cluster sizes of 20-25 Pd atoms. For the largest clusters 
of the measured range, e.g., Pd30, the increased number of metal—metal bonds and the 
concomitant delocalization of the charge transferred from the substrate to the cluster 
result in less charge density available for the activation of the C-H bond [111]. Con- 
sequently, the cyclotrimerization becomes again more efficient than the hydrogenation 
of the CHA intermediate. Going to even larger particles or to Pd(1 1 1) single crystals, 
the cyclotrimerization to benzene is selectively catalyzed. 


5. SIZE-SELECTED, SUPPORTED CLUSTERS: EXCITING NEW MODEL 
SYSTEMS FOR ELECTROCATALYSIS 


All of the examples of the size-dependent chemistry of supported clusters discussed so 
far involved gas-phase reactions. Another field of research where particle size-effects in 
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the scalable size regime have been proven to play a decisive role for applications is 
electrocatalysis [112]. The most prominent area of electrocatalysis certainly is research 
on fuel cell catalysts, especially for the polymer electrolyte fuel cell (PEMFC) and the 
direct methanol fuel cell (DMFC). Industrial catalysts of these low-temperature fuel 
cells consist of small platinum or platinum-alloy particles finely dispersed on a carbon 
support in order to maximize the active surface area. Current research focuses on 
reducing the Pt content of the catalyst as well as increasing the long-term stability of 
the catalyst and the membrane separating the anode from the cathode. 

Previous studies of fuel cell electrocatalysts focused on the investigation of single 
crystal surfaces [113] or nanoparticles either in the form of industrial catalysts 
[114, 115] or produced in lab scale by wet-chemical methods, such as the synthesis of 
metal colloids by reduction of metal salts [116]. On these model systems, it was shown 
that important fuel cell reactions such as oxygen reduction and CO oxidation exhibit a 
distinguished structure sensitivity [117-119]. For example, Ross showed that for the 
oxygen reduction reaction, the specific activity of Pt (Le. the reaction rate per 
Pt surface atom in units of A/cm? Pt) decreases with the particle size [120]. This 
"crystallite size effect" was related to the blocking of adsorption sites due to specific 
anion adsorption from the electrolyte, which is different at different facets. Recent 
work in perchloric acid solution [112, 119] (an electrolyte presumably without specific 
anion adsorption), however, showed the same decrease in specific activity with 
decreasing particle size. The importance of this effect for application becomes clear in 
Gasteiger et al.’s excellent review concerning “activity benchmarks and requirements" 
for PEMFC in automotive applications. It was shown that the specific activity 
of industrial Pt catalysts is one order of magnitude lower than for bulk Pt [112]. 
For comparison, the PEMFC development targets require a fourfold increase in mass 
activity De, A/mg Pt at 0.9 Vere). 

Not only the oxygen reduction reaction but also the CO electro-oxidation reaction is 
found to exhibit particle size effects. Friedrich et al. [121] showed that the CO electro- 
oxidation on Pt nanoparticles is shifted to higher potentials compared to polycrys- 
talline Pt. This effect was explained by an increased CO adsorption energy on small Pt 
particles concurrent with a decrease in CO diffusion [122]. Recent experiments on 
industrial carbon-supported Pt high surface area catalysts with different mean particle 
sizes confirmed that the CO oxidation potential depends on the average particle size. 
However, it was found that the oxidation potential could be reversibly influenced by 
the pretreatment of the electrode surface without changing the size of the particles 
[118]. The origin of this experimental observation was explained based on particle size- 
dependent defect structures, which serve as active centers for the dissociation of water. 
A conclusive description of the structural sensitivity of electrocatalytic reactions, 
however, is difficult to ascertain due to the generally (compared to UHV studies) 
ill-defined model systems. For example, the coexistence of very small particles on the 
surface is difficult to determine by electron microscopy (TEM), but may significantly 
influence the activity of the catalyst. 

An exciting new approach for electrocatalysis entails the investigation of model 
catalysts consisting of size-selected clusters produced in UHV, as described in the 
previous section, and then transferred to an electrochemical cell. This procedure would 
allow for a yet unknown precision in the particle size and, for the first time in electro- 
chemistry, the investigation of particle size effects in the non-scalable size regime. The 
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previous gas-phase examples showed that the defined electronic properties of sup- 
ported clusters result in a new exciting chemistry, which can be expected to manifest in 
electrocatalytic reactions as well. Furthermore, it was shown how detailed ab initio 
calculations can help to understand certain detailed reaction mechanisms. In elec- 
trocatalysis, so far the development of suitable theoretical tools is hampered due to lack 
of comparison to experimental results due to ill-defined conditions [123]. Therefore, 
electrochemical experiments on size-selected clusters would be an important step to- 
ward a theoretical description of processes at the solid-liquid interface as well. 


6. CONCLUSION 


In conclusion, there is no question that a new catalytic chemistry emerges in the non- 
scalable size regime where every atom counts. This may have important implications 
for industrial catalysis with respect to low-temperature active catalytic materials and 
selectivity tuning by size selection. From a more fundamental point of view in par- 
ticular the combination of gas-phase studies, clusters supported on surface, and ab 
initio theoretical simulation are fruitful in defining important nanocatalytic factors 
and concepts. The most important cluster-specific phenomena reviewed in this con- 
tribution are the tuning of the selectivity and activity by electronic quantum size effects 
and charging, the dynamic structural fluxionality, i.e., the self-selection of the low 
activation energy reaction path via interconversion of structural isomers, and espe- 
cially for supported clusters, the tuning of activity through the design of the cluster— 
support interface and the size-dependent spill-over. Most of these factors are unique 
for small clusters and not observed for bulk catalytic systems or particles in the 
scalable size regime. 


NOTE 


1. (g) and (a) denote gas phase and adsorbed molecules, respectively. 
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1. INTRODUCTION 


The fascination for metals in the cluster state of matter originates from the fact that 
the physical and chemical properties of clusters often change over orders of magnitude 
by the mere addition or removal of one single atom. Mass-selected gas-phase metal 
clusters are ideally suited to study these effects. By progressively reducing the dimen- 
sion of a metal particle, the material properties start to change with size. However, if 
the cluster is still large enough, this change is smooth and often directly a simple 
function of the particle size. Figure 1 shows a physical property (vertical electron 
detachment energy, VDE) of free negatively charged gold clusters plotted as a function 
of cluster size. In this scalable size regime from thousands down to a few hundreds of 
atoms per aggregate, the small pieces of matter are termed nanoparticles and the 
VDEs of these gold nanoparticles already differ considerably from the bulk value 
(work function), but are decreasing gradually with cluster size with only minor de- 
viations from an average monotonous function. However, if the particles become 
smaller than about 100 atoms, considerable, discontinuous variations in the VDEs are 
observed. This is the regime where the observable material properties become unpre- 
dictable and not scalable from bulk or atomic properties and where we speak of 
clusters rather than of nanoparticles. 

Very characteristic for clusters with less than 30 atoms per particle (Fig. 1) is the 
drastic variation of the observable with the removal or addition of every single atom 
[2-4]. Moreover, in this non-scalable regime unanticipated physical and chemical 
properties might emerge which lead to completely new phenomena [3]. 

Recent experiments on nano-assembled model catalysts consisting of metal clusters 
in the non-scalable size regime supported on oxide surfaces revealed striking changes 
in the size-dependent efficiency and selectivity of catalytic processes [5]. These studies 
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Figure 1: Scalable and non-scalable size regime in the case of negatively charged gas-phase gold clusters. The 
observable vertical electron detachment energy (VDE) is plotted as a function of the number n of atoms in 
the cluster [1]. 


also show that charging small clusters via charge transfer from the substrate is es- 
sential for turning clusters into active catalysts. Ion chemistry of small metal clusters is 
thus considered relevant for real catalysis. Although gas-phase studies of metal cluster 
reactivity might never account for the precise mechanisms in applied catalysis, such 
experiments complemented by computational investigations are extremely important 
[6]. Gas-phase studies can be performed under well-defined conditions and thus can 
play a key role for the more comprehensive analysis of the influence of charge state 
and cluster size on the catalytic activity and of the elementary steps in the reaction 
mechanisms. Furthermore, the finite size of the clusters enables a direct treatment by 
ab initio calculations which may support the quest for the origin of catalytic activity 
and for the details of reaction mechanisms. 

Chemical reactions of gas-phase metal clusters are a very active field of research 
since the advent of intense cluster sources [7-9]. Adsorption and chemical reactions on 
free charged and neutral metal clusters were extensively studied and concepts for 
cluster reactivity were extracted from the large amount of experimental data. How- 
ever, only a few full thermal catalytic cycles have been studied [10, 11]. All these 
investigations lead to the characterization of stable cluster complexes, the extraction of 
reaction probabilities, or even the measurement of absolute rate coefficients at a given 
temperature. Particular importance should be given to the temperature-dependent 
kinetics of metal cluster reactions, which are needed for obtaining reaction mecha- 
nisms of a chemical process at thermodynamically controlled conditions and for ex- 
tracting kinetics data like absolute rate coefficients and activation energies [12]. 

To probe the catalytic activity of small noble metal clusters, the carbon monoxide 
combustion has been and still is often employed as a model-type catalytic reaction. 
In this review, one particular focus will be on the cluster charge state, size, and 
composition dependence of the catalytic activity in this particular reaction. 
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In the following section, the experimental schemes for studying chemical properties 
of free clusters will be introduced. Subsequently, important concepts to gas-phase 
cluster ion chemistry will be briefly summarized. Section 4 will present specific ex- 
amples of gas-phase reactions catalyzed by size-selected free metal cluster ions. In this 
context, several results obtained by other groups on the reactivity and catalytic activity 
of metal cluster ions, in particular of iron and platinum monomers and clusters will be 
briefly reviewed. As gold nanoparticles and clusters currently attract considerable 
interest for their low-temperature catalytic activity in a variety of reactions, including 
the already mentioned CO combustion, a major part of the fourth section will con- 
centrate on the reaction behavior of small free gold clusters. However, not only gold 
but also silver clusters indicate interesting size-dependent catalytic activity, which will 
be discussed. To complement these measurements, the last examples will deal with the 
reaction behavior of binary platinum-gold and silver-gold clusters. 


2. EXPERIMENTAL TECHNIQUES IN CLUSTER ION CHEMISTRY 


For almost two decades, isolated mass-selected metal clusters are considered impor- 
tant model systems for the understanding of chemical reactions, but in particular also 
as catalytically active particles [8]. The first catalytic cycle involving a free metal cluster 
was discovered by Irion and co-workers employing an ion cyclotron mass spectro- 
meter (FT-ICR). This group reported the cyclopolymerization of ethylene to yield 
benzene catalyzed by free Feq clusters [10]. The most important techniques presently 
utilized to investigate the chemical and, in particular, the catalytic activity of mass- 
selected free metal clusters will be summarized in the following together with a few 
selected reaction examples that aim to demonstrate the applications of the various 
experimental approaches. Besides these techniques, which directly yield kinetic and 
thermodynamic data of catalytic reactions such as reaction rates, binding properties, 
and activation energies, several other important gas-phase techniques strongly support 
these methods to obtain structural, electronic, and energetic data on the binding 
properties of molecules to small metal clusters, but will not be presented here. Two 
further techniques, photoelectron spectroscopy [13] and infrared multiphoton excita- 
tion spectroscopy [14] are presented in separate chapters of this volume. 


2.1. Flow tube reactor 

The flow tube reactor is the oldest method to investigate metal cluster reactions. In its 
most simple form, an extender is attached to a cluster source (e.g. to a laser vapor- 
ization or discharge cluster source), which permits the downstream addition of 
reactive gases. Different variations of this principle have been realized [7, 15-19]. 
Depending on the exact design, in a flow tube reactor relatively high reactant partial 
pressures might be reached. This means that (1) multiple-collision conditions prevail, 
(i1) thermal equilibration with the flow tube walls can be assumed, and (iii) saturation 
coverage of adsorbates are expected to be observed at the largest reactant concen- 
trations. In Fig. 2 (top), a flow tube reactor attached to a pulsed arc cluster ion source 
(PACIS) [20] is shown. Metal clusters are generated during the electrical discharge 
through material ablation from the electrode followed by the flow through a cooled 
nozzle. The clusters are drawn by the buffer gas flow into the reactor where they 
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Figure 2: (Top) Schematics of the PACIS with flow tube reactor attached to the source nozzle. (a) Magnetic 
valve for buffer gas (He), (b) Macor insulator, (c) electrodes (the cluster material is contained in the 
cathode), (d) cooling coil, (e) nozzle, (f) source holder, (g) flow tube reactor, (h) reaction gas inlet, and (1) 
pumping channels. (Bottom) Mass spectra of antimony and antimony oxide cluster distributions at different 
oxygen partial pressures in the flow-tube reactor presented in the upper figure. (a) Oxygen traces only, (b) 
4 x 10? Pa On, and (c) 4 x 10? Pa O;. The calculated geometric structures are shown for the most prominent 
antimony oxide cluster species in the mass spectra (dark spheres: Sb atoms; light spheres: O atoms) [17, 18]. 


interact with reactive gases like oxygen. The extension of the desired reaction is con- 
trolled by adjusting the reactant partial pressure in the reactor channel. 

Figure 2 (bottom) presents an example for a cluster reaction study employing this 
experimental arrangement [17, 18]. Antimony cluster ions are generated in the PACIS 
and react with molecular oxygen at different oxygen partial pressures in the subse- 
quent flow tube reactor. With increasing oxygen pressure, oxide peaks appear in the 
mass spectra that are sampled after the clusters emerged from the flow tube reactor. At 
the highest oxygen pressure shown in Fig. 2c, the cluster distribution has changed 
completely and new prominent mass signals appear indicating the formation of par- 
ticular stable reaction products. The stoichiometry of the observed products and 
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concurrent ab initio calculations suggest surprising structural arrangements for the 
stable antimony oxide clusters [18, 21—24] eventually converging toward the chain-like 
modification of bulk Sb5O; [17]. 


2.2. Collision gas cell 

In the previous fast flow reactor setup, the high reactant partial pressures and the 
addition of an unreactive buffer gas for thermalization lead to multiple collisions of 
the clusters before detection. In a different approach, individual collisions between 
clusters and reactive molecules are investigated to reveal the size-dependent cluster 
reactivity. This is achieved, e.g., in a collision gas cell experiment. In this case, a beam 
of neutral clusters passes through one or more cells filled with only low pressure of 
reactive gas. Under such single-collision-like conditions, the determination of absolute 
numbers of the reaction probability in a collision is possible [25]. The schematic layout 
of this experiment is shown in Fig. 3. A beam of clusters is produced by a laser 
vaporization source and is skimmed before passing two subsequent cells with reactive 
gas in which the clusters experience one or a few collisions with the gas molecules. 
Product detection is accomplished by time-of-flight mass spectrometry after photo- 
ionization [25]. The depletion of the pure metal clusters and the appearance of prod- 
ucts may be evaluated by employing statistical rate theory to yield the reaction 
probability. 

This method is claimed to be best suited for highly reactive systems, as the detection 
limit corresponds to a reaction probability of 0.01-0.05. For example, in oxidation 
reactions of large metal clusters, the reaction probability determination is rather ac- 
curate and the method represents a very valuable complement to other cluster reactivity 
experiments operating at different pressure levels. However, cluster fragmentation is 
likely for small clusters as the reactions often proceed with high probability, but are 
also highly exothermic. Thus, the excess energy cannot be abducted during the reaction 
causing the reaction product analysis ambiguous. 

With this method, Andersson and Rosén recently investigated the adsorption of 
hydrogen or deuterium and oxygen on neutral platinum clusters and discovered the 
catalytic water formation on the free clusters [26]. Figure 3 (bottom) displays mass 
spectra obtained with different partial pressures of hydrogen and oxygen added in 
separate collision gas cells. Panel (a) in Fig. 3 shows a mass spectrum of pure Pt, 
clusters with no reactive gas in the collision cell. The mass spectrum in panel (b) was 
sampled after the cluster ions passed reaction cell 1 filled with 0.14 Pa of O5. The 
additional peaks in the mass spectrum correspond to clusters with one and, for n> 12, 
with two oxygen molecules adsorbed. If the oxygen pressure in reaction cell 1 is kept 
unchanged and deuterium is introduced in cell 2, the mass spectrum deviates signifi- 
cantly from a simple coadsorption spectrum, in which both molecules would add to 
the mass of the corresponding platinum cluster. Instead, it is apparent from panel (c) 
in Fig. 3 that the abundance of clusters with adsorbed oxygen molecules decreases and 
that the amount of clusters without adsorbed molecules increases. This observation is 
explained by the reaction of oxygen and deuterium atoms on the clusters to form 
water, which subsequently desorbs [26]. The catalytic water formation reaction is 
observed to proceed very efficiently on all investigated platinum cluster sizes with 
more than seven atoms displaying only moderate variations in the reaction probability 
with size. 
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Figure 3: (Top) Schematic sketch of the collision cell method for the study of metal cluster reactivity. The 
supersonic laser vaporization source is depicted on the right hand side. The clusters subsequently pass two 
collision cells in which reactions can take place. Finally, laser ionization mass spectrometry serves to detect 
the neutral reaction products [25]. Reproduced with permission from American Institute of Physics. 
(Bottom) Mass spectra of platinum clusters Pt, before and after reaction with O2 and D». In the upper mass 
spectrum (a), no reaction gas was added to the collision gas cells. Spectrum (b) was obtained with 0.14 Pa O, 
in reaction cell 1 and no gas in reaction cell 2. Spectrum (c) was sampled after the metal cluster beam passed 
cell 1 with 0.14 Pa O, and cell 2 with a deuterium pressure of 0.95 Pa. Note that the mass peaks in (c) are 
slightly broader and exhibit a small shift with respect to mass spectrum (a). This is due to multiple deuterium 
adsorption onto the platinum clusters which can, however, not be resolved in the mass spectrum [26]. 
Reproduced with permission from American Chemical Society. 
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2.3. Low-energy ion guide 

Molecular beam experiments are often strongly handicapped by fragmentation phe- 
nomena, which commonly occur during reactive collisions, electronic transitions, 
neutralization, or ionization processes. As a consequence, parent molecules and frag- 
ments can no longer be easily distinguished. In a typical low-energy guided ion beam 
experiment, this obstacle is circumvented by mass selection of the cluster ion beam in 
advance of the reactive encounter [27-32]. The reactions commonly take place in a 
radio frequency (rf) ion guide drift tube as shown in Fig. 4a. The cluster ions confined 
by the rf field inside the ion guide have a defined low kinetic energy and experience 


| Gas Inlet 





Target Energy- QMS 
Analyzer 
Gauge 
lon Guide 
+ 
(b) Ni, (CO), 
m + g + 
Ni, + (CO), Ni, C (CO) 
g + 
Ni, (CO) 




















Figure 4: (a) Experimental setup employed by Wóste and co-workers to investigate the chemical reactivity of 
mass-selected low kinetic energy metal cluster ions with reactive gases like carbon monoxide. The metal 
clusters are generated by sputtering of a metal target with accelerated rare gas ions. The kinetic energy 
distribution of the resulting cluster ions is narrowed down during the passage through an energy analyzer. 
After mass selection with a first quadrupole mass filter (QMS), the ions subsequently enter the ion guide drift 
tube where they are exposed to reactant molecules. Product ion analysis is again accomplished by a quad- 
rupole mass filter followed by ion detection and signal amplification [33]. (b) Product ion mass spectrum 
obtained after reaction of a mass-selected Ni4 cluster with approximately 0.3Pa of CO. The geometric 
structure of the saturated carbonyl cluster proposed on the basis of simple electron count-structure cor- 
relations is also displayed [33]. 
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multiple collisions with the reactive gas added to the ion guide. Mass-selected detec- 
tion of the product ions is accomplished by a quadrupole mass filter followed by signal 
amplification with a secondary electron multiplier (SEM). 

An example for this method 1s depicted in Fig. 4b. Nickel clusters are initially 
produced in a broad size distribution but only Ni4 cluster ions are selected via a first 
quadrupole mass spectrometer (QMS). Treatment of this beam of tetranuclear clusters 
with a defined pressure of carbon monoxide and subsequent mass spectrometric anal- 
ysis of the products reveals the formation of a series of Nig (COM cluster ions. The 
mass spectrum in Fig. 4b was obtained by increasing the CO pressure gradually until 
no change in the product spectrum was observed anymore, i.e., when saturation of the 
cluster with carbon monoxide has occurred [33]. In this case, the highest molecular 
weight ion has the formula Ni((CO)js. According to simple electron counting rules 
originally introduced by Wade and Mingos [34, 35] and extended later by Lauher to 
transition metal clusters [36—38], a four-atom metal cluster will assume tetrahedral 
symmetry and be maximally stabilized when the total number of cluster valence elec- 
trons is 60 [33]. This total is made up of the metal valence electrons augmented by 
those supplied by the ligands (two from each carbon monoxide). However, in the 
product ion mass spectrum in Fig. 4b, also the development of two more series of 
cluster ions can be identified: these are the tetranickel carbido carbonyls Nig C(CO)7 
and the trinickel carbonyl clusters Ni; C(CO)}, which appear as a consequence of 
fragmentation processes [33, 38]. 


2.4. Ion traps 

Ion cyclotron resonance (ICR) mass spectrometry and also penning trap mass spec- 
trometry have been demonstrated by several groups to be powerful tools to investigate 
metal cluster reactivity in the gas phase under single-collision conditions [39-46]. 
From the schematics in Fig. 5, it can be seen that the ICR cell is a small box or cylinder 
consisting of four isolated side plates and two isolated end plates. The cell is immersed 
in a homogeneous magnetic field. To investigate cluster reactions, the cluster ions are 
injected into the cell as depicted in the setup presented in Fig. 5. The cluster ion 
packets entering the cell are excited by an rf pulse applied to one plate. Due to the 
homogeneous magnetic field traversing the ICR cell, the ions are thus led to perform a 
circular motion in the cell. The cyclotron frequency of the circular motion depends on 
the ion mass and the magnetic field strength. The image current induced on two 
opposite plates of the cell is amplified and analyzed by Fourier transformation. Each 
ion of different mass gives rise to a sine function. From the obtained superposition of 
sine-waves, the Fourier analysis reveals the complete mass spectrum. This method has 
a particular high mass resolution and sensitivity. The ICR instruments operate under 
UHV conditions and reactions are investigated under strict single-collision conditions 
in this setup. Figure 5b shows an example to demonstrate the viability of an FT-ICR 
apparatus developed by Smalley and co-workers [47]. Because of the huge amount of 
germanium isotopes, the initial cluster distribution 1s simplified by selectively sweeping 
some masses out. This technique is known as SWIFT (stored waveform inverse 
Fourier transform). The bottom of Fig. 5b shows the result of exposure of the selected 
clusters to nitric oxide gas. For some clusters such as Ge% reaction products of the 
form Gest NO)" and Ge4;(NO)> are clearly seen, whereas other clusters such as Oe 
and Ge4s show no evidence of reaction at all. 
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Figure 5: (a) Setup used by Smalley and co-workers to inject cluster ions into an ICR cell. The cluster beam 
is steered and focused by deflection plates and two Einzel lenses. Before entering the ICR cell, the cluster ions 
are decelerated. The inset shows the principle of an ICR mass spectrometer. Ions are excited by an rf pulse to 
propagate in circular orbits. The image currents induced in the electrode plates are amplified and analyzed 
through computer-based Fourier transformation. The magnetic field in this scheme is perpendicular to the 
drawing plane. The schemes have been adopted from Refs. [30, 37, 40]. Reproduced with permission from 
American Chemical Society. (b) Reaction study of Ge} clusters with nitric oxide. The top panel shows the 
FT-ICR mass spectrum after selective removal of some ions from the cell by "SWIFT" excitation. The 
bottom panel shows this spectrum after exposure of the clusters to 1 x 1074 torr nitric oxide for 10 sec [47]. 
Reaction products of the form Ge, (NOT. have been labeled P,. Reproduced with permission from American 
Institute of Physics. 
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Figure 6: Experimental setup for the investigation of gas-phase catalytic activity of mass-selected metal 
clusters. The cluster ions are sputtered from solid targets with a cold reflex discharge ion source (CORDIS), 
mass selected (Qj), and guided at low energies (Qo and Q>) into the temperature controllable octopole ion 
trap. By means of appropriate switching of the lenses L, and La, the reaction products are extracted and 
subsequently mass-analyzed by another quadrupole mass filter (Q5) [12, 52]. 


CORDIS sputter targets 


A rather new approach to investigate metal cluster reactivity and catalysis consists 
in storing the mass-selected cluster ions in a temperature variable rf octopole ion trap 
filled with helium buffer gas and small partial pressures of reactant gases under multi- 
collision conditions. The major advantages of this approach for the investigation of 
gas-phase reactions is the precise control over reaction time, reactant concentrations, 
and reaction temperature inside the ion trap. The trap acts like a test tube for gas- 
phase reaction kinetics studies. It is inserted into a standard guided ion beam appa- 
ratus [9, 28, 48]. The schematic layout of the experimental setup is displayed in Fig. 6. 
Metal clusters are prepared by a sputter source based on the cold reflex discharge ion 
source (CORDIS [49]). The charged clusters are steered into a first helium filled 
quadrupole Qo to collimate and thermalize the cluster ions. The ion beam is further 
guided into a mass-selective quadrupole filter O to select one particular cluster size. 
Subsequently, the cluster ions are transferred with a third quadrupole Q> into the 
home-built octopole ion trap [12, 45], which is filled with metal cluster ions up to the 
space charge limit. The trap is prefilled with a helium partial pressure on the order of 
l Pa. A closed cycle helium cryostat attached to the trap allows temperature adjust- 
ment in the range between 40 and 350 K. Time-resolved kinetic measurements on the 
timescale of seconds are performed with small, well-defined partial pressures of the 
reactants like O5 and CO present in the trap. For this purpose, all ions are extracted 
from the trap after a defined storage time by means of a pulsed electrostatic field 
(lenses Lj and L2) and are subsequently mass-analyzed by a final quadrupole mass 
filter (Q4). By recording all ion concentrations as a function of the reaction time, the 
kinetics of the reaction may be obtained. The concentrations of the reactive gases in 
the octopole trap are orders of magnitude larger than the metal cluster ion concen- 
tration. Hence, all the proposed reaction steps are assumed to follow pseudo first- 
order kinetics. Possible reaction mechanisms are evaluated by fitting the integrated 
rate equations to the experimental kinetic data to obtain reaction rate constants k 
[50, 51]. A simple statement on the activation energy of a given system can be made 
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considering Arrehenius' classical empirical equation for the temperature dependence 
of reaction rates: 





k(T) — v exp Gz) (1) 


with v being the frequency factor, T the temperature, R the gas constant, and E, the 
activation energy of the reaction. 

The total pressure inside the ion trap is on the order of 1 Pa, which means that the 
experiment is operating in the kinetic low-pressure regime. Therefore, a Lindemann- 
type mechanism has to be considered for each reaction step and the reaction rates 
depend on the buffer gas pressure [50, 51]. As a consequence, the obtained pseudo 
first-order rate constant k contains the termolecular rate constant k® as well as the 
concentrations of the helium buffer gas and of the reactants. Considering the follow- 
ing equation as a generalized reaction of the metal anion M^ with the neutral reactant 
X 1n the presence of helium as buffer gas: 


M -X—MX^ (2) 
the first-order rate constant k is given by 
k = k®[He][X] (3) 


The details of the reaction are described by the Lindemann energy transfer model for 
association reactions, which is represented by the following equations [50, 51, 53]: 


ka 
M- +X 2 MX (4a) 


k d 


MX™ + He “$ MX” + He (4b) 


The reaction model includes the elementary steps of the initial formation of an 
energized complex MX * (rate constant k,) and its possible unimolecular decompo- 
sition back to the reactants (ką) in competition with a stabilizing energy transfer 
collision with helium buffer gas (k,). Assuming all these elementary reaction steps to 
be again of pseudo first order and employing steady-state assumption for the inter- 
mediate, the overall third-order rate expression is obtained to be [54] 


kO = ka x ks 
ka + ks[He] 


As the experiment is operating in the kinetic low-pressure regime, the decomposition 
rate constant can consequently be considered to be much larger than the stabilization 
rate constant term: ka > ks[He]. This leads to a simplified expression for the termo- 
lecular rate constant, which can be applied to the experimental conditions in the rf ion 
trap experiment: 


(5) 


ka x k 
| O Sac: 6 
. (6) 
The ion-molecule association rate constant k, as well as the final stabilization 
rate constant k, are well represented by ion-molecule collision rate coefficients as 
specified by Langevin theory [54]. According to this theory, ion-molecule reactions 
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are basically charge-induced dipole interactions and exhibit no activation barrier, 
Le. no temperature dependence [55]. In order to estimate kg, statistical rate theory 
such as Rice-Ramsperger-Kassel (RRK)-theory or Rice-Ramsperger-K assel-Markus 
(RRKM)-theory may be employed [50, 51]. 


3. CONCEPTS IN CLUSTER ION CHEMISTRY 


The aim of this section is to present some aspects unique to the study of gas-phase 
metal cluster ions and to introduce concepts that are important to cluster ion chem- 
istry, in particular, with respect to the analysis of catalytic reaction mechanisms. These 
aspects and concepts summarized here will be illustrated by examples in the following 
sections of this chapter. 


3.1. Particle size-dependent reactivity 

Gas-phase investigations allow to employ mass spectrometric techniques to define the 
exact number of atoms that constitute the metal particles of interest. This is partic- 
ularly important as in the non-scalable size regime below about 100 atoms per particle 
each atom is important to the catalytic reaction behavior and the chemical and phys- 
ical properties of the particles often change by orders of magnitude when adding or 
removing a single atom (cf. Fig. 1). Whereas small free metal clusters present fas- 
cinating new catalytic materials by themselves, mass-selective gas-phase methods also 
enable the study of size-dependent reaction behavior starting from isolated atomic 
ions over small clusters and eventually reaching the regime of nanoparticles employed 
in condensed-phase heterogeneous catalysis. 


3.2. Charge state-dependent reactivity 

In particular, in noble metal catalysis, charging of supported metal particles has been 
found to decisively determine the catalytic activity of the model catalyst materials 
[56, 57]. However, the analysis of the influence and the extent of the charge transfer is 
difficult to evaluate experimentally in supported systems. In gas-phase systems, the 
charge state is exactly defined and the investigation of the chemical reaction behavior 
as a function of the charge state can provide important insight into electronic effects in 
catalytic reactions on small metal clusters like the O» activation. 


3.3. Composition-dependent reactivity 

With respect to the influence of the electronic structure on catalytic activity, the 
elemental composition of the metal cluster presents a second important aspect [56]. By 
changing the constituents of a cluster atom by atom, reactive behavior and important 
catalytic properties such as the reaction selectivity might be tuned to a maximum for a 
specific reaction system. In the majority of cases, mass spectrometric gas-phase tech- 
niques enable precise control over the metal particle composition, which is in turn 
widely tunable with modern cluster sources. This versatile access to the influence of 
particle composition on catalytic behavior should provide important basic informa- 
tion for systematic catalyst material design. 


Chemical reactivity and catalytic properties of size-selected gas-phase metal clusters 65 


3.4. Cooperative coadsorption effects 

Coadsorption phenomena in heterogeneous catalysis and surface chemistry quite com- 
monly consider competitive effects between two reactants on a metal surface [58, 59]. 
Also, cooperative mutual interaction in the adsorption behavior of two molecules has 
been reported [58]. Recently, this latter phenomenon was found to be very pronounced 
on small gas-phase metal cluster ions, too [60—63]. This is assigned to the above-men- 
tioned fact that the metal cluster reactivity is often strongly charge state dependent and 
that an adsorbed molecule can effectively influence the electronic structure of the metal 
cluster by, e.g., charge transfer effects. This changed electronic complex structure in 
term might foster (or also inhibit) adsorption and reaction of further reactant molecules 
that would otherwise not be possible. Specific examples of cooperative adsorption 
effects on gas-phase gold and silver clusters will be presented in the following section. 


3.5. Ultimate “single site” catalysts 

In a recent review, Bóhme and Schwarz convincingly present gas-phase studies on 
“isolated” reactants as an ideal arena for detailed experiments leading to a profound 
understanding of energetics and kinetics of catalytic reactions on a strictly molecular 
level. In concluding, these authors state that **... after all, ions in the gas phase provide 
the ‘single sites’ that are active in surface catalysis" [6]. Nevertheless, on the basis of 
the investigations conducted so far, it becomes already clear that 10n and cluster 
catalysis in the gas phase must be regarded most instructive in the comprehension of 
important fundamental aspects of practical catalysis in the condensed phase. 


4. CATALYTIC ACTIVITY OF GAS-PHASE CLUSTERS 


In this section, the focus will be on some prominent examples for the reactivity and, in 
particular, the catalytic behavior of small clusters of iron, platinum, gold, and silver. 
Surprisingly, for both, iron and platinum, already the monomer shows strong reac- 
tivity. The understanding of platinum clusters especially in the CO combustion re- 
action is extremely important as platinum besides palladium and rhodium is a central 
material used in heterogeneous catalysis. The catalytic activity of gold and silver 
clusters in the CO oxidation reaction has been discovered only recently and a large 
part of this section will be devoted to gas-phase studies on gold, silver, and binary 
cluster ions, trying to illustrate the concepts outlined in Section 3. 


4.1. Review of free transition metal cluster catalysis 

4.1.1. Iron clusters 

Kappes and Staley reported the first catalytic cycles involving transition-metal cations 
and their oxides in the gas phase. In 1981, using ICR mass spectrometry, the oxidation 
of CO catalyzed by iron cations was reported [39]. Fe* exposed solely to CO does not 
react. However, about 80% of the iron ions react to yield the oxide FeO * when Fe” is 
exposed to 5 x 10 ^ Pa of N>O. The addition of CO to this reaction system increases 
the Fe* ion signal while the FeO * ion signal decreases. This is evidence that the 
oxygen atom is transferred to the CO molecule forming the neutral CO, while the 
catalyst Fe" is recovered and can undergo further reaction cycles. Analogue catalytic 
cycles were observed for Fe’ exposed to mixtures of N>O with ethylene, propylene, 
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Figure 7: (a) General schema for the trimerization reaction of ethylene to yield benzene in a final colli- 
sionally activated reaction step (CID). This reaction has been shown to proceed with the iron tetramer 
cluster Fe? as a catalyst [10]. (b) Catalytic cycles for the homogeneous reduction of nitrogen oxides by 
carbon monoxide, mediated by atomic transition metal cations [68]. 


allene, ethane, and propane [39], and rate constants for the reaction of Fe” and FeO * 
with a variety of neutral inorganic and organic molecules (e.g., CO, N20, H20, CH4) 
were measured later also by other groups [64, 65]. 

Interestingly, not only the monomer cation but also the cluster Fe; is catalytically 
active. Fe4 is able to facilitate the cyclization reaction of ethylene C,H, to benzene 
Col, [10]. Figure 7a shows the gas-phase trimerization of ethylene which was ob- 
served to proceed, in addition to Fe; , also for the ions W^ and U” [10, 66, 67]. The 
reaction cycle starts with the formation of a cationic metal-ethyne complex via 
dehydrogenation of ethylene by the metal (cluster) ion M `. The next step is often rate 
determining and yields MC4H4 by dehydrogenation of a further ethylene molecule. 
Upon the third addition of ethylene, benzene complexes are formed again via loss of 
molecular hydrogen. Although the latter reaction step is exothermic, the heat of 
reaction liberated is usually not enough to overcome the large bond dissociation 
energy of the metal-benzene complex. Using collision-induced dissociation (CID) with 
xenon to act on the above-described system, two fragmentation patterns are observed. 
Products with less than three acetylene lead to the formation of carbides while CID of 
adducts with three or more ligands leads to the loss of all C and H atoms. Bare M * 
ions are the result. The kinetic behavior of the adducts suggests that benzene C6H6 is 
liberated. From these results, the conclusion can be drawn that Feq catalyzes the 
formation of benzene from ethylene; however, in an ideal catalytic system under 
thermal conditions, the catalytically active species should be regenerated without an 
additional supply of energy. 

As already mentioned, the oxidation of carbon monoxide has always been a prom- 
inent reaction to show catalytic activity of metal clusters. Bóhme and co-workers 
published a comprehensive thermodynamic and kinetic study of the catalytic activity 
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of 29 transition metal cations toward the reduction of the nitrogen oxides NO2, NO, 
and N,O in combination with the oxidation of CO [68]. The three catalytic cycles 
shown in Fig. 7b reflect the results of the investigation using an inductively coupled 
plasma/selected-ion flow tube (ICP/SIFT) tandem mass spectrometer. Among Os" 
and Ir", the iron cation Fe * was most effective in all three complete cycles. In each of 
the three cycles, the iron cation is first oxidized by a nitrogen oxide, which is the 
necessary source for further CO oxidation. The bare iron cation is then regenerated. 
The combination of the three cycles shown in Fig. 7b leads to the conversion of N-O 
and CO to N, and CO;: 


2NO» + 4CO — N» + 4CO5 (7) 
While the combination of only the second and third cycle leads to the overall reaction 
2NO + 2CO — N, + CO, (8) 


This is the resulting reaction taking place in automotive catalytic converters to an- 
nihilate toxic gases produced in the fossil-fuel combustion. 


4.1.2. Platinum clusters 

The first catalytic cluster ion reaction cycle under thermal conditions was observed by 
Ervin and co-workers [11]. A “full thermal catalytic cycle" means a reaction cycle in 
which a bare metal cluster adsorbs reactant molecules, desorbs product molecules, and 
regenerates the intact cluster, all at thermal energies. Ervin demonstrated that the gas- 
phase cluster anions Pt, (n = 3-7) efficiently catalyze the oxidation of CO to CO; by 
N-O or O, near room temperature in a combined flow tube and gas cell reactor 
instrument under multi-collision conditions. The observed catalytic reaction cycles are 
summarized in Fig. 8a. In previous experiments, it was shown that the addition of O5 
or N5O to the Pt, clusters leads to a rapid exothermic reaction, in which Pt,O ^ and 
Pt,O; ions are formed [69]. The only observed reaction with N5O is the addition of 
oxygen atoms to the intact cluster under liberation of N». With the introduction of CO 
into the reaction gas cell of the instrument containing mass-selected Pt,O ^ complexes 
(n = 4-6), the only product ion observed with mass spectrometry is Pt,. Only 


(a) Pt; (b) ptt 
CO, Oz (N30) CO; N0 
O, (2N,O 

co pua oe co N, 
Pt,O7 Pto+ 

CO, (2N,) co, N-O 

CO co N, 
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Figure 8: (a) Reaction cycles for the oxidation of CO catalyzed by gas-phase platinum cluster anions as 
formulated by Shi and Ervin [11]. (b) Observed reaction cycles for the oxidation of carbon monoxide by 
nitrous oxide catalyzed by gas-phase atomic platinum cations [70]. 
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for smaller cluster sizes, negligible fragmentation of the metal cluster occurs. It was 
concluded that the sole exothermic product channel is the oxidation of CO to form 
neutral CO3. 

The introduction of CO into the reaction cell containing Pt,O5 shows two reaction 
channels, yielding Pt,O” and Pt, . CO pressure dependence studies reveal that the bare 
Pt, cluster is regenerated by sequential oxidation of two CO molecules. Collisional 
stabilization of the cluster oxides in the presence of buffer gas was pointed out as an 
important factor for the observation of catalytic activity, because under single- 
collision conditions in the guided beam, extensive fragmentation would prohibit the 
re-formation of the initial metal clusters. The regeneration of Pt, ions at low energies 
proves that a full catalytic oxidation cycle can be completed at near room temperature, 
in either a single-step or a two-step process as indicated in Fig. 8a. 

The activity of Pt* ions in the catalytic conversion of CO to CO; has been inves- 
tigated by Schwarz and co-workers in an FT-ICR mass spectrometer [70]. As atomic 
platinum cations do not react with molecular oxygen [46], the oxygen-atom transfer 
reaction with nitrous oxide has to be used for the generation of the active interme- 
diates PtO^ and PtO; (Fig. 8b). Isotopic exchange reactions with H}8O and '%0, 
suggest that the structure of PtO is rather described as a dioxide (OPtO *) than as a 
peroxide (PtOO *) or as a dioxygen complex (Pt(O>) *). The absence of an O-O bond 
in this ion is confirmed by calculations using correlated ab initio methods at the 
CASPT2 level of theory [70]. In the presence of carbon monoxide, both oxide ions 
readily react releasing carbon dioxide. Upon treating PtO: with a mixture of CO and 
N-O. quasistationary concentrations of Pt*, PtO*, and PtO5 are obtained in the 
FT-ICR experiment after only a few seconds of reaction time. Identical stationary 
concentrations of these ions evolve when starting from Pt" or PO". respectively. 
Thus, reaction cycles as depicted in Fig. 8b can be formulated, describing the effective 
catalysis of the conversion CO + N50 5 CO» * Nz by the gaseous platinum species. 

Figure 8 also shows that the catalytic cycles for negatively and positively charged 
platinum atoms and clusters are very similar and that there is no obvious charge state 
dependence in the mechanism of small platinum cluster CO combustion catalysis. The 
only difference results from the fact that, in contrast to Pt", Pt, clusters react with O5 
leading to a direct formation of the intermediate dioxide Pt,O5 without previous 
formation of the monoxide Pt,O as it is the case for the oxidation reaction involving 
nitrous oxide. 

A gas-phase catalytic reaction similar to the one described for Pt* in Fig. 8b was 
recently observed also for Pt} clusters in reaction with CO and N20 in an FT-ICR 
experiment [71]. Most interestingly, a strong size dependence not only in the reactivity 
but also in the catalytic activity of the clusters is obvious. Catalytic activity was 
observed for platinum cluster cations with five to eight atoms, whereas Pt) and 
particularly Ptjo were found to predominantly merely adsorb carbon monoxide in- 
stead of oxidizing CO. Detailed investigations of the Pt7 reaction (cf. Fig. 9) revealed 
that efficient catalytic oxidation of CO to CO; is achieved in three different ways: (1) 
CO collision with Pt;O * , formed by oxidation of Pt} through N20; (ii) CO collision 
with PO: , formed by a two-step oxidation of Pt} through N30; (iii) N20 oxidation 
of preadsorbed CO on Pt;CO '. Evidently, by addition of multiple CO molecules, 
some bare Pt; clusters were removed from the catalytic cycle. To further investigate 
this observation, the experiments were run at high CO partial pressures in the ICR cell. 
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Figure 9: (a) Catalytic cycles of the Pt} ion in a 1:6 mixture of CO and NO. The experiment was carried out 
under single-collision conditions in an FT-ICR instrument. (a) The catalytic cycles involving Pt;O^ and 
PO: are identical to the Pt* cycles in Fig. 8b. (b) In addition, a cycle involving the initial formation of 
Pt;CO * is observed. Additional CO molecules, however, increasingly poison the cluster. The conversion of 
Pt(CO); back to Pt;CO* might contribute to a minor extent to the catalytic activity [71]. 


The previously mass-selected Pt;CO ` complexes were either converted back to Pt7 
under liberation of N, and CO; or they adsorbed another CO molecule to form 
Pt;(CO)7 . Pt(CO)Z , in turn, was found to eagerly adsorb further CO molecules and 
only a very minor part could be oxidized back to the bare metal cluster. In this way, 
platinum clusters are CO poisoned and are increasingly removed from the catalytic 
reaction cycles at enhanced CO partial pressures. With regard to the other cluster 
sizes, it was observed that the catalytic activity with respect to CO oxidation by N5O is 
largely determined by the reactivity of the bare cluster with N5O: A high reactivity 
toward N5O apparently shifts the cluster intensities in favor of the oxide species, 
effectively hindering the poisoning reaction by sequential CO adsorption on the bare 
cluster [71]. 


4.2. Gold cluster catalysis 

A very prominent recent example for the importance of size effects on the properties of 
matter is the catalytic activity of highly dispersed supported gold nanoparticles and 
clusters. Nanometer-sized gold particles on metal oxide support efficiently oxidized 
carbon monoxide even at low temperatures, where the activity of common catalyst 
materials is marginal [72—77]. Since gold is known as noble, hence inert material [78], 
this counterintuitive observation fostered numerous experimental and theoretical in- 
vestigations on the chemical reactivity of small gold particles and clusters. Most 
strikingly, in the non-scalable cluster size regime, mass-selected gold clusters on mag- 
nesia with eight atoms actively facilitate the oxidation of CO whereas seven-atom 
gold clusters are completely inert [79]. The reason for this strong size dependence and 
the mechanism of the oxidation reaction 1s still unresolved. The charge state of the 
atomic gold clusters was identified in these investigations as one important factor for 
the catalytic activity. Electron transfer from surface defect centers to the cluster— 
adsorbate complex has been found to be essential to activate catalytic properties 
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[57, 79]. These findings were one of the starting points for the gas-phase reactivity 
investigations with mass-selected gold cluster ions, which will be presented and dis- 
cussed in this section. 


4.2.1. Electronic structure and chemical properties of free gold clusters 

The interesting charge state-dependent reactivity of free gold clusters was recognized 
already in 1991 by Cox et al. [80, 81]: Small positively charged gold clusters do not 
react with molecular oxygen, whereas negatively charged gold clusters exhibit a pro- 
nounced odd-even alternation in their reaction behavior with O5. This remarkable size 
and charge state dependence was confirmed by several groups later on [61, 82, 83]. 
Recently, Castleman and co-workers, however, were able to show the oxidation of 
CO molecules on atomic gold anions and cationic gold clusters with atomic oxygen 
[84, 85]. Due to oxygen introduction in a laser evaporation source, they were able 
to produce preoxidized gold cluster cations in which oxygen is bound in both the 
molecular and atomized forms to Au" and Aus. All these oxides were observed to 
react with CO molecules at the reactant gas inlet. Yet, these processes are not thermal 
catalytic cycles and therefore will not be further discussed here. Thus, the focus of this 
section will be on the size-dependent electronic and the corresponding chemical prop- 
erties of negatively charged gold clusters in particular with respect to the activation of 
molecular oxygen, which is considered decisive to the understanding of catalytic ac- 
tivity in the CO oxidation reaction. 

Gold cluster anions show a strong odd-even alternation in VDE values with cluster 
size, which can be attributed largely to the al valence electron structure of group Ia 
transition metal elements. Electronic closed shell (paired electron) cluster sizes are 
generally more stable and exhibit higher VDEs than open shell systems [1, 86, 87]. 
Compared with the other coinage metal clusters silver and copper, the VDE values of 
the gold cluster anions (with the exception of Aug) are in general roughly about 1 eV 
higher. It has been discussed by several authors that, although silver and copper belong 
to the same group in the periodic system as gold and the atomic electronic structure of 
all of them exhibit a filled d shell and a singly occupied s shell (nd'9(n + 1)s', with n = 3, 
4, and 5 for copper, silver, and gold, respectively), the bonding in gold compounds and 
clusters is substantially different from that of copper and silver due to relativistic effects 
only occurring in gold clusters. This phenomenon is referred to as “gold anomaly" 
[88, 89]. The main relativistic effect in gold is the stabilization of the 6s! orbital and the 
destabilization of the 5d!?^ orbitals, thus bringing them energetically closer [90]. The 
result is a hybridization of atomic s and d states in the case of gold, which has 
important implications not only on the chemistry of gold clusters but also on their 
geometrical structure. Gold cluster anions, e.g., are planar in structure up to sizes of 
about 12 atoms [87, 90, 91], whereas silver and copper clusters are three-dimensional 
from Ags and Cug on [90, 92, 93]. 

Gold anions also show the above-mentioned pronounced odd-even alternation with 
cluster size in their reactivity toward O», in contrast to positive and neutral gold 
clusters. Figure 10a presents a compilation of the results on Au, reactivity toward Op. 
Small gold cluster anions only adsorb one or none oxygen molecule depending on the 
cluster size. The reactions of gold cluster anions with carbon monoxide have also been 
reported [63, 82, 94—96]. However, although strong size effects in reactivity are 
apparent, no odd-even alternations are observed in this case as can be seen from 
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Figure 10: Compilation of experimental results from the literature on the relative reactivity of gold cluster 
anions in the adsorption reaction of one O, or one CO molecule, respectively, as a function of the cluster size 
n. (a) Reactions of Au, with Oo: (-m-) data from Ref. [80, 81], (- L1-) data from Ref. [82], (-o-) data from Ref. 
[83]. For comparison, all data are normalized to the reactivity of Aug. (b) Reactions of Au, with CO: (-m-) 
data from Ref. [82], (-o-) data from Ref. [63]. Again, the data shown have been normalized to the reactivity 
of Aug toward Op. 








Fig. 10b, which is based on results of Lee and Ervin [82], as well as of Wallace and 
Whetten [63]. 

The observed odd-even alternations in reactivity of Au, toward O, with the cluster 
size (Fig. 10a) can be rationalized qualitatively by considering the frontier orbital 
interactions: The degenerate 2p 7; anti-bonding orbitals of oxygen are each occupied 
by an unpaired electron. This triplet open-shell electronic ground state structure is 
rather unusual for stable molecules and leads to an electron acceptor behavior similar 
to the one found in the NO, family of free radicals [83]. Oxidative addition to the 
cluster requires interaction of an Oz rn, orbital with the highest occupied molecular 
orbital (HOMO) of the noble metal cluster which has o-type symmetry. In the case of 
even n clusters, the Au, HOMO has an unpaired electron with relatively low binding 
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energy. In the bound complex Au, O5, this electron is easily paired with the single 
electron in one O5 n. orbital. The combination of the two orbitals results in an 
attractive interaction and a partial electron transfer to the O, adsorbate. In contrast, 
for odd n clusters, the Au, HOMO is doubly occupied leading to higher VDEs. 
Consequently, the electron transfer to the adsorbate is considerably weaker, meaning 
that the interaction with the O, T. is much less attractive, because the additional 
electron must be placed in the anti-bonding orbital of the Au,O5 complex. As a result, 
the reactivity of even n gold cluster anions toward molecular oxygen is by far superior 
to that of odd n clusters [82, 83, 97]. 

The consequences for the O, adsorbate structure, deduced from the frontier orbital 
picture, are an O-O bond elongation resulting from the electron transfer into the O» 7; 
anti-bonding orbitals. This effect evidently depends on the amount of charge transfer 
and generates a superoxide, or superoxo (Oj )-type adsorbate species. In the case of 
negatively charged gold clusters, the molecular superoxo structure of the adsorbed oxy- 
gen could be confirmed by UV photoelectron spectroscopy (UPS) experiments [98-100]. 
Figure 11 shows UPS spectra of different small gold cluster anions with adsorbed O5 
molecules. The vibrational fine structures with spacings of about 150-180 meV meas- 
ured for Au,O5 with n = 2, 4 correspond to the O-O stretching frequencies, which are 
indicative of the non-dissociative adsorption of O, [98]. In contrast, the observed 
vibrational frequency of the Aus complex (98 meV) is more likely to be assigned to 
atomic Au-O stretching, as also indicated by the calculated structure in Fig. 11 [98]. 
For a better understanding of the chemisorption mechanism of O>, further UPS 
spectra of the bare clusters Auz and Aug in comparison with their oxides Au,O5 were 
performed. It was observed that upon the adsorption of an O, molecule, the valence 
band structure of the gold cluster is completely changed, indicating a large interaction 
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Figure 11: Mass-selected negative ion photoelectron spectra for Au,O; clusters (n = 1, 2, 4). The fine 
structures in the spectra correspond to the vibrational frequencies of the neutral state in the geometry of the 
anion. Indicated are also the geometric equilibrium structures of the cluster complexes obtained from DFT 
calculations [98]. Reproduced with permission from American Institute of Physics. 
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Figure 12: Kinetic traces for the reaction of Au; clusters with (a) O5 only; (b) and (c) with O5 and CO in the 
rf octopole ion trap at 300K [53]. The reaction parameters are (a) p(He) = 1.00Pa, p(O2) = 0.30 Pa, 
p(CO) = 0 Pa; (b) p(He) = 0.99 Pa, p(O2) = 0.13 Pa, p(CO) = 0.16 Pa; (c) p(He) = 1.01 Pa, p(O>) = 0.11 Pa, 
p(CO) = 0.25 Pa. 


between O, and the Au cluster anions [98] which leads to a highly activated adsorbed 
oxygen molecule. 

In gas-phase kinetic experiments employing a temperature variable rf octopole ion 
trap, it was also found that Au5O5 is the only product in the reaction of Auz with 
molecular oxygen [97, 101]. The kinetic data of this reaction are displayed in Fig. 12a. 
The reaction proceeds in a straightforward association mechanism: 


Au; + O2 > Aust, (9) 


which is supported by the excellent fit of the integrated rate equation of this mech- 
anism represented by the solid line in Fig. 12a. However, most notably, the deduced 
reaction rate appears to increase with decreasing reaction temperature. According to 
Arrhenius law (Eq. (1)), this inverse temperature dependence would yield a negative 
activation energy that is indicative for barrierless adsorption pathways in the frame- 
work of the Lindemann mechanism discussed in Section 2.4. 

In the following section, we will discuss the CO oxidation reaction catalyzed by the 
negatively charged gold dimer. Indications for catalytic activity in the CO combustion 
reaction have been reported also for larger gold cluster anions [63]; however, through 
combination of kinetic, temperature-dependent ion trap measurements with ab initio 
calculations, a detailed molecular mechanistic understanding could be obtained for the 
catalysis by free Au; [53]. 


4.2.2. Catalytic CO oxidation by Au; 

CO also reacts with Au» in the ion trap experiment, however, with a reaction rate 
which is about one order of magnitude slower than that of the O, reaction. As a 
consequence, carbonyls of Auz are only observed at temperatures below 250 K [102]. 
Accordingly, when the octopole ion trap is filled with similar partial pressures of 
both reactive gases, O5 adsorption will most likely precede CO adsorption [53]. 
Figure 12b and c shows the product ion concentration of Auz and Aus: as the only 
observed reaction product at 300K as a function of reaction time while both, O> and 
CO, are present in the trap. In contrast to Fig. 12a where solely oxygen was present in 
the trap, surprisingly enough, Aus; is no longer completely transformed into oxide, but 
an offset appears in the gold cluster concentration at long reaction times. The most 
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simple reaction mechanism that fits these data is the equilibrium reaction in which 
oxide is formed but the bare gold dimer is re-formed to a certain extent. 


ky 
Au; + 07 + Au); (10) 


Note that the Au; offset is only observed when CO is present in the ion 
trap, although this is not reflected in Eq. (10). Further insight into the reaction 
mechanism can be obtained from partial pressure-dependent measurements shown in 
Fig. 12b and c. Correlated with the ratio p(CO)/p(O;), the rate constant k_, doubles in 
Fig. 12c compared with that in Fig. 12b. Hence, increasing the CO partial pressure 
enhances the backward reaction step. Consequently, Eq. (10) fails to provide a com- 
plete description of the reaction and an appropriate description involves more com- 
plex reaction steps. To reveal the complete reaction mechanism, the reaction was 
investigated at lower temperatures. 

Product ion distributions at two different temperatures for the case when O, and CO 
are present in the trap are depicted in the left hand side of Fig. 13. As can be seen from 
these mass spectra, the dimer Auz forms the dioxide Aus: as the only reaction product 
observable at 300 K, but a new, additional peak at the mass of Aux(CO)O3 appears at a 
temperature of 100 K (hatched peak in Fig. 13). This is a final major reaction product 
which shows that Au» clearly favors the simultaneous coadsorption of both, oxygen and 
carbon monoxide, over adsorption of just one sort of reactive molecules [53, 97]. 

This kind of cooperative effect was also found for Aus in the ion trap experiments 
[97] and for larger gold cluster anions in a flow tube reactor study [63]. Furthermore, 
under the conditions of the ion trap experiment at 100 K, small amounts of Aus are 
present, too (Fig. 13 (left)). But most interestingly, no Au CO7 or Au (CO); car- 
bonyls are observed at any temperature or reaction time, although these complexes are 
stable products at cryogenic temperatures [102]. The absence of carbonyl complexes 
can be rationalized by the above-mentioned observation that the reaction of Au; with 
oxygen appears to be considerably faster than with carbon monoxide. 

The product ion mass spectra recorded at low temperatures with O, and CO in the 
ion trap (Fig. 13 (left) [53]) show the appearance of the coadsorption complex 
Au»(CO)O; as discussed above. This complex represents a key intermediate in the 
reaction mechanism of the catalytic oxidation of CO to CO» as has been predicted in 
an earlier theoretical study [103]. The experimental evidence obtained so far demon- 
strates that O, adsorption is likely to be the first step in the observed reaction mech- 
anism. Subsequent CO coadsorption yields the observed intermediate and finally the 
bare gold dimer ion must be re-formed. The objective then was to find one reaction 
mechanism that is able to fit all experimental kinetic data obtained under the various 
reaction conditions (see right hand side of Fig. 13). This kinetic evaluation method 
results in the simplest mechanism that is able to fit the experimental data. In this way, 
it is possible to rule out all but one possible reaction mechanism that is represented by 
the following reaction equations: 


Au; +02 > Au)05 (11a) 
Au30; + CO2 Au(CO)O; (11b) 


Au; + 2CO; > Au; + 2CO, (le 
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Figure 13: (Left) Mass spectra of product ion distributions analyzed after trapping Au; for 500 msec inside the 
octopole ion trap filled with 0.02 Pa O», 0.05 Pa CO, and 1.23 Pa He at two different temperatures. (Right) 
Product ion concentrations as a function of the reaction time for three different reaction temperatures and 
different reactant gas concentrations. (a) Toctopote = 225 K, p(O5) = 0.09 Pa, p(CO) = 0.10 Pa, p(He) = 1.07 Pa. 
(b) Toctopote = 150 K, p(O5) = 0.04 Pa, p(CO) = 0.04 Pa, p(He) = 1.0 Pa. (c) Toctopote = 100 K, p(O2) = 0.02 Pa, 
p(CO) = 0.03 Pa, p(He) = 1.0Pa. (d) Toctopote = 150K, p(Oz) = 0.04 Pa, p(CO) = 0.06 Pa, p(He) = 1.01 Pa. 
(e) Toctopote = 100 K, p(O2) = 0.08 Pa, p(CO) = 0.04 Pa, p(He) = 1.03 Pa. Open symbols represent the normal- 
ized experimental data. The solid lines are obtained by fitting the integrated rate equations of the catalytic 
reaction cycle (Eq. (11)) to the experimental data. 


The solid lines in Fig. 13 (right) represent the fit of this mechanism to the exper- 
imental kinetic data. It equally well fits all obtained kinetic data [53]. In this catalytic 
reaction cycle, Au5O5 reacts with CO to form Au;(CO)O; which will either re- 
dissociate to the oxide or further react with a second CO molecule to re-form Aus 
while liberating two CO, molecules. It should be noted that the quality of the fit is very 
sensitive to the postulated reaction steps and that the kinetic evaluation procedure is 
clearly able to discriminate against alternative mechanisms. The replacement of the 
equilibrium in Eq. (11b), e.g., by a simple forward reaction will lead to a mechanism 
that yields an inadequate fit to the experimental data. The Au5O5 signal will then 
disappear at long reaction times, which is not the case as can be seen from Fig. 13 
(right). As the postulation of an equilibrium in reaction step (11b) is essential to the 
mechanism, this in turn has implications on the possible structure of the intermediate 
species Au»(CO)O; in the catalytic cycle (Eqs. (11a-c)) which might be a simple 
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Figure 14: Schematic representation of the gas-phase catalytic cycle for oxidation of carbon monoxide by 
gold dimer anions, based on the reaction mechanism determined by kinetic measurements in conjunction 
with first-principle simulations. The numbers denote calculated energy barriers in eV. Also displayed are 
geometrical structures of reactants and intermediate products according to the calculations (large gray 
spheres: Au; small gray spheres: C; dark spheres: O) [53]. 


coadsorption of the two molecules, e.g., on different sides of Auz, or already a reacted 
carbonate (CO;)-like species adsorbed onto the gold dimer. Apparently, the observed 
intermediate can have different isomers and one of them is formed by molecular 
coadsorption of CO and O;, because otherwise the possible CO loss required by 
Eq. (11b) would not be feasible. Therefore, several possible structures of Au;(CO)O; 
have been calculated by Häkkinen and Landman [53]. 

The detailed catalytic reaction cycle emerging from experimental and theoretical 
evidence for the CO oxidation by gas-phase Au; clusters is depicted in Fig. 14. Also 
included are the calculated energy barriers for the different reaction steps and the 
simulated intermediate structures. Five structures corresponding to the mass of the 
complex Au5(CO)O; were studied theoretically, while the ones shown in Fig. 14 are 
the those pertinent to the observed reaction steps (Eqs. (11a-c)). 

The left hand structure for the complex Auz(CO)Oz in Fig. 14 contains a reacted 
O-O-C-O group that is attached through the carbon atom to the gold dimer anion. 
The O-O bond is activated to a superoxo state, and this species bears some resem- 
blance to the gold—peroxyformate complex identified in the early experiments of gold 
atoms in cryogenic CO/O; matrices [104]. Most notably, the adsorption of O as well 
as the coadsorption of CO leading to the peroxyformate structure 1s barrierless 
according to the calculations. This is in excellent agreement with the experimental 
observation that all but one step of the reaction cycle show a negative dependence of 
the corresponding termolecular rate constants on the reaction temperature. As dis- 
cussed above, within the Lindemann model for low-pressure gas-phase kinetics, this 
negative temperature dependence is indicative of a barrierless reaction step. Only the 
last reaction step (Eq. (11c)) representing the re-formation of Auz and the liberation 
of CO; displays a positive temperature dependence of the rate constant [53] demon- 
strating the presence of an activation barrier in this particular reaction step. This 
experimental information on the reaction energetics is again in accord with theoretical 
modeling of the reaction pathway. The formation of CO, from the reaction between 
CO(g) and the peroxyformate structure involves a low barrier of 0.3 eV, resulting in 
the formation of a metastable Au5CO; complex, where CO; is bound to Au; via the 
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carbon atom. However, the heat of reaction (4.75 eV) evolving from the formation of 
the first CO, molecule is large enough in order to overcome the binding energy 
(0.52 eV) of the remaining CO; to Auz, thus facilitating its desorption from the metal 
cluster. 

The right hand structure for the complex Au»(CO)O; in Fig. 14 is one of the most 
stable structures proposed by Hákkinen and Landman earlier [103]. The formation of 
this structure by insertion of CO(g) into the O-O bond in Au5O;5 (where the O; 
molecule is end-on bonded to the gold dimer anion) requires a barrier of only 0.3eV, 
which is easily overcome under the experimental conditions. The production of CO; 
then involves a modest barrier of 0.5 eV, it releases readily two CO, molecules, since 
the remaining Au5CO; species, where CO; is bound to Au; via one of the oxygen 
atoms, is unstable under the experimental conditions (100—300 K) [53]. All observed 
reaction steps of the catalytic cycle proceed via Eley-Rideal mechanisms where the 
detailed collision geometry of the CO reaction partner is crucial to the outcome of the 
reaction and no adsorbate diffusion on the metal cluster contributes to the catalysis on 
the small gold clusters. 

In addition to a comprehensive molecular mechanistic understanding based on ex- 
periment and theory, the efficiency of the catalytic reaction can be estimated from the 
experimental kinetic data. From the kinetic fit, it is possible to simulate the CO; 
formation rate and thus to obtain the turn-over-frequency (TOF) of the catalytic 
reaction. The deduced TOF amounts to 0.4 CO; molecules per gold cluster per second. 
This value is in the same order of magnitude as the catalytic activity of oxide sup- 
ported gold cluster particles with a size of a few nanometers, which ranges between 
0.2sec ^! per Au atom (2 nm diameter particles at 273 K) and 4sec ! per Au atom 
(3.5 nm particles at 350 K) [72-74]. 


4.3. Silver cluster catalysis 

In contrast to gold, very few is known so far about the capabilities of atomic silver 
clusters to act as oxidation catalysts. Supported silver catalysts with um particle size 
are employed commercially in large scale in the important selective oxidation of 
ethylene involving molecular oxygen [105, 106]. But although a great deal of infor- 
mation about the catalytic activity of silver is available, the details of the oxidation 
reaction mechanism remain elusive. Apparently, the rate-determining step involves 
some form of oxygen bound to the silver particle surface [106, 107]. The approach to 
employ well-defined gas-phase metal clusters as reaction centers in interaction with 
molecular oxygen therefore might aim to add to an understanding of elementary 
catalytic reaction steps. Also in this case again, the experimental techniques of modern 
gas-phase cluster science provide two major advantages: First, the reaction system, 
i.e., the number of atoms in the cluster and the charge state, can be defined exactly in 
a controlled environment. Second, due to the finite size of clusters a direct treatment 
by ab initio theoretical approaches is amenable and can strongly enhance the insight 
provided by the experimental data. This fact has been very important for a large 
part of the work presented in this chapter. In the following, before discussing the 
catalytic activity of silver clusters in the CO oxidation reaction, the interesting charge- 
and size-dependent reaction behavior of silver clusters with molecular oxygen will be 
presented. 
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4.3.1. Reactivity of silver clusters toward molecular oxygen 
The charge state-dependent reaction of O will be discussed for the case of the silver 
dimer, where detailed information is available for all three charge states [12, 60, 82, 
108-112]. Neutral Ag, has been found to be unreactive toward O% in a fast flow 
reactor at ambient temperature [108], which is not surprising considering the paired 
valence electron structure of Ag». The anionic dimer adsorbs one O, molecule in a 
straightforward association reaction similar to the mechanism discussed earlier for the 
case of Au; (Eq. (9)). No further reaction products are detected at any reaction 
temperature or partial pressure conditions in the rf ion trap [60]. This result is also in 
agreement with previous flow-tube reactor measurements [82], and the molecular 
superoxo-type bonding of the adsorbate has been confirmed spectroscopically [112]. 

In contrast, the positively charged silver dimer adsorbs at most two oxygen molecules 
at very low reaction temperatures of 50 K [12]. Adsorption of up to three O; ligands has 
been observed recently in a guided ion beam experiment [113]. The O binding energies 
determined from these experiments amount to 0.20, 0.18, and 0.15eV for the first, 
second, and third O», respectively [113]. In the rf ion trap measurements, no reaction 
products Ag,O* with n>4 are observed for temperatures between 50 and 300 K [12]. 
However, the distribution of the reaction products reveals a strong temperature de- 
pendence: Whereas at 50K the exclusive oxidation products Ag;Oj and Ag;O; point 
toward molecular adsorption, at 95 K the new product Ag;O * appears and no Ag,O7 
is observed anymore. At even higher temperatures (130K), Ag,O7 is detected as the 
largest product. These results indicate a strongly temperature-dependent reaction 
mechanism. In order to extract possible reaction schemes, the reactant and product 
concentrations have been measured as a function of the reaction time in the rf ion trap. 
The evolution of the Ag} concentration with reaction time shows a multi-exponential 
decay at all temperatures. Ag,O} is identified as an intermediate product with max- 
imum concentration at very short reaction times and increasing amplitude for higher 
reaction temperatures. The final product at 95 and 110K is Ag;O *, whereas at 130K 
the new product Ag;O; appears with a delay of about 2 sec. 

These experimental findings suggest the following reaction mechanism: 





Ag + 0: 2Ag,O3 (12a) 
Ag,O} > Ag,Ot +O (12b) 
Ag;O* + O22 Ag,OF (12c) 


Ag,Oj is unambiguously identified as an intermediate and is formed in a first ele- 
mentary step by molecular adsorption of O2 onto Ag}. Molecular adsorption of up to 
two O, molecules is also observed at 50 K. Ag;Oj is, however, not a stable product at 
higher temperatures. In a second elementary step, Ag;O ' is formed by dissociation of 
the adsorbed O molecule. The dissociation of O, is not observed at 50K, as the 
corresponding activation energy is thermally not reached. Increasing the temperature 
to 130K results in a further product, Ag OF. This third elementary step is observed at 
delayed reaction times and consists of molecular adsorption of O5 to AO. 

Most interestingly, the described temperature dependence of the product ion mass 
spectra and reaction kinetics clearly show that, in contrast to the O, adsorption 
on negatively charged silver and gold clusters, the molecular adsorption and the 
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dissociation of O, on Ag} are activated processes. This has been confirmed recently 
also for the case of larger positively charged silver clusters [109, 110, 114]. In this 
particular case of positively charged silver clusters, it is interesting to consider for 
comparison the O, adsorption on single crystal surfaces. For the highly reactive 
Ag(110) surface oxygen adsorbs in four different states, depending on the surface 
temperature: below 40 K O; is bound in a physisorbed state; in the range between 40 
and 170 K it is molecularly chemisorbed, and at higher temperatures the molecules 
dissociate on the surface and chemisorb atomically [12, 110, 115]. 

The reactivity of the larger silver cluster anions toward O», measured in an rf ion 
trap experiment, presents an illustrative example for cooperative adsorption effects on 
small cluster ions. This reaction behavior of free Ag, with O, is in marked contrast to 
the reaction behavior of free Au, clusters with oxygen as presented in Section 4.2.1. 
Whereas Ag, with even n adsorb only one Og, similar to even n Au, , silver clusters 
with odd number n of silver atoms adsorb at maximum two oxygen molecules, in 
contrast to odd size Au, which do not react with O, at all [80, 83, 97]. Ag; even first 
forms Ag,O;, but then reacts with additional two O molecules at long reaction time 
and low temperature. No products with an odd number of oxygen atoms are detected. 
The corresponding adsorption kinetics data are best fitted by a sequential adsorption 
reaction mechanism with the reaction rate constants kı and k3: 


Ag; + 20; 5 Ag,0; +02 S Ag,O; (13) 


In combination with a systematic theoretical study [60], an understanding of the 
measured rate constant evolution with cluster size depicted in Fig. 15 emerges, and 
reasons for the distinct behavior of silver cluster anions can be given [60]. 

The obtained rate constants are termolecular under the low-pressure multi-collision 
conditions of the ion trap experiment (Lindemann model for gas-phase association 
reactions, cf. Section 2.4 [50, 53]). They include the elementary steps of the initial 
formation of an energized complex (rate constant k,) and its possible unimolecular 





Ag,” + O; (K,,—9—) | Ag,Oz + O; (ka, v- ) AgnO2" (0)! AgnO4" (V) 


Figure 15: (a) Experimental rate constants k, obtained for the adsorption of the first and second O, molecule 
onto gas-phase Ag, at 300K reaction temperature in an rf ion trap experiment. (b) Theoretical binding 
energies Ey and lowest energy structures (light gray spheres: silver atoms; dark spheres: oxygen atoms). Note 
that the lowest energy structures of AgOz and Ag3O4 contain dissociated oxygen (not shown), which 
however requires considerable activation energy not available under the experimental conditions [60]. 
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decomposition back to the educts (k4) in competition with a stabilizing energy transfer 
collision with helium buffer gas (k,). As the ion-molecule reaction rate constants ka 
(25.5 x 107 cm? sec!) and k, (25.3 x 1071 cm? sec!) show no significant cluster 
size dependence [55], the observed strong size effects must be contained in kg. The 
experimentally obtained reaction rate constants (Fig. 15a) compare particularly well 
with the trend in the calculated O, binding energies E, (Fig. 15b), because, according 
to statistical rate theory, Ey largely determines the rate of unimolecular decomposition 
of the initially formed energized complex (ka). 

The results concerning multiple adsorption of O, onto the anionic sliver clusters 
according to Eq. (13) can be assessed by qualitative frontier orbital considerations for 
the binding of molecular oxygen. The oxygen molecule, as a one-electron acceptor, 
binds strongly to the anionic silver clusters with odd number of electrons (even n) and 
low VDE values leading to a small kg and hence to a fast reaction rate ky. In contrast, 
it binds only weakly to silver clusters with even number of electrons (odd n) and closed 
shell electronic structure resulting in low reaction rates Kk, in these cases as can be seen 
from Fig. 15a. 

However, recent work on the reactivity of hydrated anionic gold clusters with mo- 
lecular oxygen has shown that this behavior can be inverted by binding of a strong 
electron acceptor such as the OH group [116]. Due to the electron withdrawing effect, 
electron transfer from the cluster occurs leaving an unpaired electron on the clusters 
with even number of electrons and inducing subsequent stronger binding of the 
molecular oxygen to hydrated clusters. 

An analogous mechanism is proposed for the activation of molecular oxygen and 
the cooperative binding of two oxygen molecules on the anionic silver clusters in which 
the first adsorbed O, serves as an activator [60]. Since anionic silver clusters have 
generally lower VDE values than gold clusters, weaker electron acceptors such as O> 
can already induce electron transfer and activate them which is not possible in the case 
of Au, . The first oxygen molecule is bound to the silver clusters with even number of 
electrons by 0.36, 0.36, and 0.53eV for Ag”, Ag3 and Ags, respectively [60]. The 
mechanism of the bonding involves the electron transfer from the metal cluster into the 
1*-MO of O>. The binding of the first O5 molecule changes the electronic structure of 
the cluster and induces a stronger cooperative binding with the second O». This results 
in the case of Ag; and Ag; in new oxide species with doubly bound, superoxo-like O5 
subunits as can be seen from the calculated structures in Fig. 15b. The cooperative 
effect 1s reflected in larger binding energies as shown also in Fig. 15b. Moreover, the 
binding of the second molecular oxygen shows a reversed pattern being stronger for 
clusters with odd number of atoms and weaker for the ones with even number of 
atoms. The latter ones with one unpaired electron bind strongly only one oxygen 
molecule since the electron transfer leaves them with a closed shell electronic structure. 

Hence, experimental rate constant measurements in combination with theoretical 
simulations show a pronounced size- and structure-selective activity of anionic silver 
clusters toward molecular oxygen due to cooperative effects. In particular, for Ag, 
clusters with odd n, a weakly bound first O5 promotes the adsorption of a second O, 
molecule which is then (for n — 3, 5) differently bound with the O5 bond elongated to 
1.32À and thus potentially activated for further oxidation reactions such as CO 
combustion which have indeed been observed for larger cluster sizes [111] as will be 
discussed in the following section. 
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4.3.2. Catalytic CO oxidation by Ag, 

Strongly size-dependent reactions of Ag,O; with CO were revealed in the rf ion trap 
experiment [111]. Whereas the smallest cluster sizes with n = 1 and 3 did not exhibit 
any reactivity toward CO, in the case of Ag;, the reaction of CO with the Ag,;O7 
complex leads to the formation of the fragment ion Ag,CO; pointing toward a re- 
action between CO and O, involved with the metal cluster decomposition. The ob- 
served strong fragmentation is probably due to the fact that the small cluster is not 
able to accommodate the excess energy liberated in the formation of the intermediate 
energized complex which then is likely to decompose. 

For the larger sizes Ag, (n — 7-13), the most surprising behavior was observed 
[111]: Filling the trap with CO in addition to O, resulted in a partial reduction or even 
a complete depletion of Ag,O; signals and an analogous increase of the bare Ag, 
cluster signals for odd n, while the Ag,O; peaks (n even) and Agi; remained un- 
affected by CO addition. Figure 16 (left) shows the corresponding product ion mass 
spectra at 100 K and equal reaction times, but under different reaction conditions: (a) 
When only trace amounts of oxygen are present in the trap, odd size clusters Ag7, 
Aggy, and Ag]; do not react, Agi; yields some product Ag;;O;, while even size clusters 
completely react to Ag,Oz products. (b) If the oxygen partial pressure is raised to 
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Figure 16: (Left) Product ion mass spectra of silver clusters Agz 3 obtained at reaction temperature 
T = 100K and reaction time fr = 0.1 sec with different reactant concentrations in the rf ion trap experiment. 
(a) Reaction with trace amounts of oxygen. p(He) = 1.2Pa. (b) Reaction with oxygen. p(O») = 0.01 Pa, 
p(He) = 1.17Pa. (c) Reaction with oxygen and carbon monoxide. p(O; = 0.01 Pa, p(CO) = 0.03 Pa, 
p(He) = 1.17 Pa. In the case of Ag7, the bare to oxide cluster signal ratio is indicated in (b) and (c). The 
Ago and Ag}, mass peaks (hatched) disappear almost completely after reaction with oxygen and reappear 
when CO is added. The peak in (a) labeled by an asterisk would correspond to the mass of Agı207, but is 
only observed at extremely low oxygen partial pressures (traces) and does not appear at measurable O, 
content [111]. (Right) Tentative catalytic reaction cycle for the oxidation of CO on free Agi; clusters. 


82 S.M. LANG, D.M. POPOLAN AND T.M. BERNHARDT 


0.01 Pa, Ag; reacts and forms the oxide Ag;O4, Agọ almost completely disappears 
and the products AgyO3z and Ags04 are observed, also the Agi; signal almost vanishes 
and Agut: remains. The product ion mass spectrum (c) in Fig. 16 was obtained 
under conditions where partial pressures of both reactants, O> and CO, are present in 
the trap. Unexpectedly, the bare silver cluster signals Ago and Agi; reappear, while 
the corresponding oxide product intensities decrease considerably. Also, in the case of 
Ag7, the bare to oxide cluster ratio shifts in favor of the bare Ag7. 

Considering the fact that the pure metal clusters do not react with carbon monoxide, 
the conclusion can be drawn that CO reacts with the oxides of Ag; , Ago, and Agi. 
The observed complexes Ag,O4 are then the decisive intermediates in the reaction 
with CO. These data thus provide evidence that, in contrast to other cluster sizes, 
silver cluster anions with n = 7, 9, and 11 activate the adsorbed oxygen to be able to 
react with CO under our reaction conditions. In this process, CO» is likely to be 
liberated and the metal clusters are re-formed to complete a catalytic reaction cycle 
(illustrated in Fig. 16 (right)), although the experimental evidence obtained so far does 
not yet reveal the complete details of the reaction mechanism and more investigations 
are needed to solve this task. 


4.3.3. Catalytic NO reduction with CO on Ag, 

Nitric oxide (NO) plays an important role in many biological and chemical processes. 
For instance, it is known to be a key physiological regulator in biological processes 
[117]. At the same time, NO and the higher oxides of nitrogen NO, are toxic gases 
liberated during combustion processes in power plants and automobile engines. In 
atmospheric environment, these molecules are very reactive and responsible for the 
ozone production in urbanities and the generation of acid rain [118]. Modern catalysts, 
like the three-way catalyst in automotive exhaust converters, aim to eliminate NO,. 
During the catalytic process, NO is reduced via the catalytically active material and at 
the same time CO, which is another toxic side product of hydrocarbon combustion, is 
oxidized: 


2NO + 2CO > N; + 2C0; (14) 


This reaction is highly exothermic releasing 343.9 kJ mol ` [119]. The most efficient 
catalyst material known so far is rhodium, but the high cost of this noble metal has 
stimulated efforts to replace it by a less expensive material. One possible alternative 
process is the reduction of NO on an alumina-supported silver catalyst in the presence 
of oxygen containing hydrocarbons like ethanol and acetone [120]. Molecular oxygen 
adsorbed and activated on the catalyst is responsible for this reaction. Both, bulk 
silver and supported silver catalysts have been characterized with respect to their 
reactivity toward NO and O; [121]; the catalytic reaction mechanism itself, however, is 
still unclear. Also, in this case, studies of small clusters in the gas phase may support 
the quest for the elementary reaction steps of chemical and catalytic reactions and for 
the identification of the active sites. 

Reactive cluster fragmentation is found to be the main reaction channel for the 
clusters Ag», Ag3, Ag, and for Ags in reaction with NO at 300K under the multi- 
collision reaction conditions in the rf ion trap experiment [122]. The mass spectra 
obtained at longer reaction times reveal the particular stability of product peaks 
assigned to AgN5;O4 and Ag4NO . A size-dependent charge transfer mechanism 
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Figure 17: (a) Product ion mass spectra obtained after reaction of Ags with NO at 100K for tr = 5msec 
(left mass spectrum) and tg — 200 msec (right mass spectrum) in the rf ion trap experiment. Partial pressures: 
p(NO) = 0.01 Pa; p(He) = 1.0 Pa. (b) Product ion mass spectra obtained after reaction of Ags with a mix- 
ture of NO and CO under otherwise identical conditions (p(CO) = 0.16 Pa). (c) Difference, i.e., reaction 
depletion mass spectra for the reaction of Ags with NO and CO at tp = 5msec (left) and tp = 200 msec 
(right). The mass spectra for the reaction of Ags with solely NO (a) have been subtracted from the product 
mass spectra obtained after reaction of Ags with a mixture of NO and CO (b). 


between the metal clusters, Ag,, and the NO ligands leads to the formation of 
Ag,N,O, (x«y) compounds and of NO7. At low temperatures, a non-dissociative 
reaction pathway opens for Ags with multiple adsorption of NO molecules onto the 
cluster, followed by disproportionation reactions yielding N-O and NO; and pro- 
ducing product species of the stoichiometry Ag;N,O, (x<y). The reactivity meas- 
urements of Ag, in the presence of NO and CO clearly demonstrate that the latter gas 
strongly reacts with the N-O, (x « y) entities adsorbed on Ags; (see Fig. 17). In con- 
trast, one stable product of reactive fragmentation, AgzNO”, is only depleted to a 
minor extent and the other, AgN Oj, is even generated in the course of the reaction 
with carbon monoxide. These results present a first insight into the reduction of NO in 
the presence of CO on the small silver clusters. 


4.4. Catalytic activity of bimetallic clusters 

The possibility to change the composition of a small metal cluster atom by atom 
presents a further intriguing aspect of gas-phase cluster chemistry. Surprisingly 
enough, often chemical properties are not proportional to the chemical composition, 
but change rather discontinuously as illustrated by the first example in this section, the 
activation of molecular oxygen by binary silver-gold clusters [101]. In the second 
example, platinum-gold clusters, the platinum content is found to be decisive for the 
reactivity of the mixed clusters in the same reaction [61]. 
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Table 1: Composition and size dependence of the termolecular reaction rate constants KC for the reactions 
of silver, gold, and binary silver-gold cluster anions with O» obtained in an rf ion trap mass spectrometer. 

















Monomer Dimer Trimer 
Ion ke Ion ke Ion ke 
Ag” 0.51 Agr 100 An: 0.85 
Au” 0 AgAu” 79 AgoAu 0 
Au; 12 AgAus 0 
Aus 0 





The rate constants have been normalized to 6.8 x 10725 cm^sec^!—100. The estimated rate constant errors are between 5% 
and 9%. Reaction temperature T = 300 K in all experiments [101]. 


4.4.1. Bimetallic silver-gold clusters 
In Table 1, reaction rate constants KC for the reactions of Ag, Au. (n-- m = 1, 2, 3) 


m 


with O» at T = 300 K obtained in an rf ion trap experiment are listed. For the atomic 
ions, only Ag” reacts with O, displaying the lowest rate constant observed for all 
investigated reacting ions. However, as described in Section 4.3.1, the formed AgOz 
reacts very fast with a second oxygen molecule to form the final product AgO; [60]. 
The dimer anions Agy, AgAu , and Au; each adsorb only one oxygen molecule. Due 
to the open shell electronic structure of the dimer anions, with one unpaired electron, 
the bonding to O; is strong compared with closed shell even size cluster anions [60, 82]. 
O; acts as an electron acceptor through one of its degenerate singly occupied 2r* anti- 
bonding orbitals which interacts with the highest (also singly) occupied molecular 
orbital (HOMO) of the metal dimer anion leading to considerable stabilization of the 
oxide complex [60]. This in turn results in a low unimolecular decomposition rate 
constant kg of the metastable intermediate complex, e.g., Aus *, and according to 
Eq. (6) in a large termolecular rate constant KC). The oxygen molecule is still expected 
to be molecularly adsorbed on the noble metal dimers, which is confirmed by recent 
photoelectron spectroscopic measurements on Ag5O5 and Aus: [98, 112] and also 
by several theoretical contributions [103, 123-129]. 

In theoretical calculations, Au; always shows a larger binding energy to O»; 
(1.06-1.39 eV [103, 116, 124, 127, 128] than AgAu  (0.94eV [126]) and a binding 
energy value similar to Ag; (1.12eV [97]). This is in marked contradiction to the 
experimental kinetic data (Table 1), which display only a small difference between the 
reaction rates of the dimers Ag; and AgAu with oxygen, but Auz reacts consid- 
erably slower, indicating a much smaller O, binding energy according to simple 
statistical rate theory considerations [50, 51]. This non-linear change in chemical 
reactivity toward O, with composition yet is in accord with measured VDEs of the 
dimer anions. The VDE of AgAu (1.43 eV [130]) is closer to the VDE value of Ag; 
(1.06eV [86] than to that of Au; (2.01eV [86]. The VDE basically relates to 
the energy of the cluster HOMO. Thus, a comparably low VDE facilitates electron 
transfer to the O, 2n* orbital resulting in a stronger bonding as confirmed by our 
measurements. 

Due to the relatively strong bonding of O to the silver containing dimers, the CO 
oxidation catalysis is not necessarily expected to proceed under thermal condition. In 
addition, in contrast to Auz, Ag; and AgAu do not show any reactive behavior 
toward CO. Consequently, in experiments with O, and CO in the ion trap reactor, no 


Chemical reactivity and catalytic properties of size-selected gas-phase metal clusters 85 


indications for the prevalence of a catalytic reaction cycle could be identified. This is 
again in contrast to theoretical simulations that predict a catalytic CO oxidation cycle 
involving AgAu [126]. The unanticipated and discontinuous change of reactivity with 
the composition of the small clusters is even more pronounced for the trimer anions, 
because both, AgoAu and AgAu», do not react with O» at all in the rf ion trap 
experiment, similar to Aus [97]. Aus reacts with up to two CO molecules only at 
cryogenic temperatures. However, after adsorption of a first CO, the cluster complex 
structure is changed and conditioned for the subsequent cooperative adsorption of up 
to two O, molecules [97]. The formed complexes AuzCO(O;)|.>2 do not further react 
and no indications for CO» release were observed. All other trimer anions do not react 
with CO at all and no coadsorption complex formation or catalytic CO oxidation are 
detected in these cases. 


4.4.2. Bimetallic platinum-gold clusters 

The experimental values for the rate constants of pure platinum and gold cluster 
cations together with those of the bimetallic clusters measured in an FT-ICR mass 
spectrometer by Schwarz and coworkers are presented in Table 2 [61]. As in case 
of bimetallic silver-gold cluster anions, the reactions of binary platinum-gold cluster 
cations with O, exhibit a marked dependence on cluster composition. The smallest 
bimetallic cluster ion PtAu presents no reactivity toward O», cluster degradation 
occurs only if the cluster contains a second platinum atom as in Pt3Au "` according to 


Pt; Au* + O, > PtAu* + PtO; (15) 


In the case of tetrameric binary clusters, three different compositions are possible, 
but only PtSAu * and Pt;Auz react with Oo, with loss of a PtO; unit, if no stabilizing 
buffer gas collisions are possible. This behavior is similar to the reactions of the pure 
platinum clusters. No reaction at all was observed in the case of the gold-rich tetramer 
ion PtAu; . The trends in the reactivity observed for the Pt, Au clusters resemble 
those predicted by theory for the analogous neutral dimer and trimer clusters and, 
most interestingly, apparently mimic the observed poisoning of heterogeneous cata- 
lysts by gold [131]. 


Table 2: Composition and size dependence of the bimolecular reaction rate constants k for the reactions of 
platinum, gold, and binary platinum-gold cluster cations with O, obtained with an FT-ICR mass 
spectrometer. 

















Monomer Dimer Trimer Tetramer 
Ion ke Ion ke Ion ke Ion ke 
Pt* 0 Pty 54 Pty 0.6 Pt 58 
Aut 0 PtAu* 0 PtAu* 16 PtzAu* 100 
Aus 0 PtAus 0 PtAus 100 
Au: 0 PtAus 0 
Aug 0 
The rate constants have been normalized to 2.4 x 107! cm? sec! 2100. The estimated rate constant errors are at +30%. 


A combined value is given for PtzAu* and PtzAuz [61]. 
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The reaction of bimetallic Pt, Au; (m+n<A4) cluster ions with O, thus exhibits a 
strong dependence on cluster composition in the way that clusters with a predominant 
fraction of platinum atoms undergo reactions similar to those of pure Pt} clusters. In 
contrast, clusters with a higher fraction of gold atoms are unreactive toward O». This 
behavior corresponds to that of pure Aut clusters [61, 80, 81]. In the case of cluster 
ions containing equal amounts of gold and platinum, two situation can be distin- 
guished: first PtAu ^, which does not react with O, and second Pt;Au; , which un- 
dergoes reaction with molecular oxygen supporting that platinum apparently 
determines the overall reactivity of the cluster. For the explanation of these findings, 
a comparison between pure Pt} and Au; is elucidating. The metal cluster acts as an 
electron donor with respect to adsorbed oxygen, thus an electropositive support or the 
addition of an electron to the gaseous clusters is necessary to enable charge transfer to 
Oz, whereas the cationic clusters Au; do not react. In contrast, Pt} clusters are 
oxidized by O, despite their positive charge because of the ability of platinum to adopt 
higher oxidation states than gold [61]. Therefore, it is expected that the bimetallic 
clusters show a monotonic decrease of reactivity as a function of gold contents, but 
this trend is only partly observed in Table 2. Whereas the reaction rate of the dimer 
clusters meet the anticipation, Pt Au” reacts faster with O, than Pt; does, and also 
Pt3Au~ and Pt;Auj react slightly faster than the monometallic Pt4 . Interestingly, the 
reaction of Pt; with O; is extremely inefficient compared with the analogous process 
for the other sizes of Pt} ion clusters [46]. Hence, the anomaly is suggested not to lie 
on the side of the bimetallic clusters, but on that of the monometallic Pt, with Pty 
and Pty exhibiting both possibly particular electronic or geometric features. Consid- 
ering this particular situation, it is concluded that the composite reactivities of the 
binary platinum-gold clusters do indeed appear to arise from the individual reactiv- 
ities of the components in an additive manner [61]. 


5. CONCLUDING REMARKS 


Having been in the focus of interest now for several decades with respect to their 
fascinating size-dependent chemical reactivity, mass-selected gas-phase metal clusters 
provide unique well-defined model systems for the study of thermal catalytic reactions 
and the elucidation of detailed catalytic reaction mechanism. In addition, there is no 
doubt that a new catalytic chemistry emerges in the non-scalable size regime where 
reactivity and selectivity can be influenced in a distinct way by adding or removing 
single atoms and by changing the electronic charge state and the composition of the 
cluster. Furthermore, the combination with ab initio theoretical simulations is inval- 
uable for defining and evaluating important nanocatalytic factors and concepts. The 
emphasis of this chapter has been on the activation of molecular oxygen and the 
combustion reaction of carbon monoxide. Besides the well-known catalytic activity of 
highly dispersed transition metals like iron and platinum, the newly discovered 
reactivity of clusters of the noble metals, gold and silver, offers most intriguing per- 
spectives to influence and optimize catalytic activity with respect to this reaction and 
potentially other related chemical reactions like the selective oxidation of short-chain 
hydrocarbons. 
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1. INTRODUCTION 


When materials are reduced in size to the nanometer scale, their physical and chemical 
properties undergo major changes and become size-dependent, forming the founda- 
tion for nanoscience and nanotechnology. Gold nanoparticles and small gold clusters 
have been the focus of intensive research activities lately. The modern “gold-rush” is 
largely motivated by the recent discoveries that (1) nanogold shows unexpected cat- 
alytic properties for a wide spectrum of chemical reactions [1], (ii) nanogold enables 
selective binding to biomolecules such as DNA and thus can serve as biosensors [2], 
(iii) gold has important potential applications in nanoelectronics [3, 4], and (iv) gold 
clusters and gold-containing compounds possess unique chemical properties [5]. All 
these golden discoveries have made gold a surprising and rewarding subject of in- 
vestigation in nanoscience and cluster science. Indeed, some of our oldest notions 
regarding gold, such as its inertness, are being changed dramatically by the recent 
findings in nanogold. 

The properties of gold are dominated by strong relativistic effects [6] and the so-called 
aurophilic interactions [7]. The nobleness and the ever-lasting luster of gold are entirely 
due to relativity, as is its golden color. In 1979 Pyykkó and Desclaux [8] first showed 
that gold exhibits an unusually large relativistic 6s-orbital contraction as compared to 
its neighboring elements in the periodic table, which is now known as the “gold maxi- 
mum of relativity". Since then, our understanding of gold on the basis of the relativistic 
effects has expanded vastly, as documented in several recent reviews [5, 6]. The main 
effects of relativity on the atomic orbitals are the relativistic radial contraction and 
energetic stabilization of the s and p shells (direct relativistic effect), the relativistic radial 
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expansion and energetic destabilization of the (outer) d and all f shells (indirect 
relativistic effect, due to the increased screening of the nuclear attraction by the con- 
tracted s and p shells), and the spin—orbit splitting. All these effects are of the same order 
of magnitude and scale roughly as the square of the nuclear charge (Z^). 

Aurophilic interactions in gold compounds had not been recognized until the late 
1980s when Schmidbaur first coined this term [9], despite the fact that a large body of 
gold compounds were synthesized and characterized in the past half a century [10]. 
The aurophilic interactions are due to closed-shell-closed-shell interactions between 
two Au(I) d? units. Such interactions are of dispersive nature, but they are substan- 
tially enhanced in gold (up to 30 kJ/mol) due to strong relativistic effects and hence the 
reduced Au-Au distances. Aurophilic interactions have thus been called “super van 
der Waals interactions" [11], and they are roughly comparable in strength with typical 
hydrogen bonds. Aurophilicity greatly enhances the intramolecular and intermole- 
cular Au-Au interactions and leads to unusual structural chemistry in gold com- 
pounds. Today, the concept of aurophilicity has proved highly useful not only in the 
rationalization of unique crystalline structures in gold compounds, but also in the 
prediction and design of new compounds [7]. For a comprehensive review on closed- 
shell interactions in inorganic chemistry, the readers are referred to Ref. [11]. 

We have been interested in the electronic structure and chemical bonding of novel 
atomic clusters and utilizing the clusters as molecular models for solid-state materials, 
interfaces, and surfaces over the past decade. In particular, we have shown that photo- 
electron spectroscopy (PES) in combination with accurate computational studies pro- 
vides a powerful approach to elucidate the complex structures and chemical bonding 
of atomic clusters. Upon confirmation of cluster structures from the comparison of 
well-resolved PES spectra — which provide electronic fingerprints of the underlying 
clusters — with theoretical calculations, we can further analyze the detailed chemical 
bonding in the clusters and the factors that control their structures. The combined 
PES and computational studies have resulted in unexpected discoveries [12, 13]. We 
should point out that structural determination of atomic clusters in the gas phase has 
been a grand challenge in experimental physical chemistry and a number of other 
methods have also been utilized to obtain cluster structural information, including ion 
mobility [14], electron diffraction [15], infrared vibrational spectroscopy [16], and 
chemisorption [17]. 

In this chapter, we will review recent studies in our laboratory on the structural and 
electronic properties, and chemical bonding in elemental gold clusters, gold alloy 
clusters, and CO-chemisorbed gold clusters in the gas phase [18-30], which represent 
further examples to demonstrate the diverse and expanding chemistry of gold. Topics 
to be covered include the planarity in small elemental Au cluster anions [18]; the 
tetrahedral Aung cluster [19, 20]; icosahedral gold cage clusters M@ Au: (M = W, 
Mo) and Mie Aur: (M = V, Nb, Ta) [24, 25]; gold as hydrogen in SiAu, (n = 2-4), 
SiAus, Si5Au4, and B-Auz [26-28]; and CO chemisorption on Au clusters as mole- 
cular models for mechanistic understanding of nanogold catalysts [29, 30]. The find- 
ings are not only fundamental in cluster science and physical chemistry, but may also 
have important potential applications. For example, the observation of AuoH im- 
purity in pure gold clusters provides strong, albeit indirect, evidence that H is the 
"invisible" atom that gives the anomalous Au-Au distance in atomic-thick Au nano- 
wires [22]; the series of Mie Au: (M = W, Mo) and M@Au]> (M = V, Nb, Ta) cage 
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clusters demonstrates the potential of fine-tuning electronic properties of gold by 
doping with impurity atoms [24, 25]; the discovery of the Au/H analogy has added a 
new dimension to gold chemistry [26-28]; and the electronic evolution of the Au 
cluster CO complexes provides key insight into the CO chemisorption sites on Au, the 
activation of Au by CO chemisorption, and the cooperative coadsorption of CO and 
O> on gold clusters, and may be important to elucidate the catalytic mechanisms of 
nanogold for CO oxidation at low temperatures [29, 30]. 

There is a large body of recent literature on gold clusters that is not attempted to be 
reviewed here. However, relevant literature will be discussed in each subtopic 
throughout this chapter. 


ABBREVIATIONS 

2c-2e two-center two-electron bond 

2D two-dimensional 

3D three-dimensional 

ADE adiabatic detachment energy 

B3LYP a hybrid method, a mixture of Hartree-Fock exchange with density 
functional exchange correlation 

BE binding energy 


CCSD(T) coupled-cluster method with all single and double excitations with 
noniterative inclusion of triple excitations 


CID collision-induced dissociation 

DFT density functional theory 

DOS density of states 

EA electron affinity 

ESI electrospray ionization 

FWHM full width at half maximum 

GGA generalized gradient approximation 
HOMO highest occupied molecular orbital 
KE kinetic energy 

LUMO lowest unoccupied molecular orbital 
MD molecular dynamics 

MO molecular orbital 

NBO natural bond orbital 

PES photoelectron spectroscopy 
TD-DFT time-dependent DFT 

TEM transmission electron microscopy 
VDE vertical detachment energy 


2. EXPERIMENTAL METHOD 


Experiments on atomic clusters in our laboratory were carried out using a state-of-the-art 
magnetic-bottle time-of-flight photoelectron spectrometer coupled with a laser vapori- 
zation supersonic cluster source. Details of the experimental setup have been published 
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Figure 1: Schematic view of the magnetic-bottle time-of-flight photoelectron spectroscopic apparatus cou- 
pled with a laser vaporization supersonic cluster source and a time-of-flight mass spectrometer. 


previously [31]. Figure 1 shows a schematic view of our experimental apparatus. Briefly, 
disk targets containing the appropriate atoms required to synthesize the desired clusters 
are vaporized by an intense pulsed vaporization laser beam. The laser-induced plasma is 
cooled by a high-pressure helium carrier gas, initiating nucleation and formation of 
clusters. The different types of cluster species discussed in this chapter are each produced 
using slightly different approaches: elemental Au clusters and Au alloy clusters are 
produced using a pure Au target and appropriate M/Au mixed targets, respectively, in 
the presence of a pure helium carrier gas, whereas the CO-chemisorbed Au,,(CO), 
species are produced with a pure Au target in the presence of a helium carrier gas seeded 
with 2% CO. 

The nascent clusters are entrained in the helium carrier gas and undergo a supersonic 
expansion to form a collimated cluster beam. Negatively charged species are extracted 
from the cluster beam perpendicularly and are analyzed by time-of-flight mass spec- 
trometry. A mass-gate is used to select the desired clusters to enter the interaction zone 
of the magnetic-bottle photoelectron analyzer. The selected clusters are decelerated 
before being photodetached by a laser beam. A variety of detachment laser photon 
energies are utilized in the PES experiments (532, 355, 266, and 193 nm). Photoemitted 
electrons are collected by the magnetic-bottle at nearly 100% efficiency and analyzed in 
a 3.5m long electron time-of-flight tube. The photoelectron time-of-flight spectra are 
calibrated using the known spectra of Rh” and Au and converted to kinetic energy 
(KE) spectra. The reported binding energy (BE) spectra are obtained by subtracting the 
KE spectra from the photon energy (hv) using the Einstein’s photoelectric equation: 
BE = /v — KE. High-photon-energy spectra are particularly important because they 
reveal more electronic transitions, which are essential to facilitate comparisons with 
theoretical calculations. Low photon energies in general yield better-resolved spectra 
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for the ground-state transitions, allowing more accurate determination of adiabatic 
detachment energies (ADEs) and vibrational resolution for the neutral species in 
favorable cases. The energy resolution of the apparatus is AKE/KE ~ 2.5%, i.e., 
7-25 meV for 1eV electrons. 


3. ELECTRONIC AND STRUCTURAL PROPERTIES OF ELEMENTAL GOLD 
CLUSTERS 


3.1. Small Au cluster anions Au, (n = 1-14): planarity and 2D-to-3D transition 

Our interest in small Au cluster anions was stimulated by the theoretical [32, 33] and 
experimental [33] discoveries of planarity in small Au, clusters (n up to about 12 
atoms). The occurrence of planar metal clusters in this size range is unprecedented 
because metal clusters are expected to form compact three-dimensional (3D) struc- 
tures. Stability of the planar Au clusters was explained by the strong relativistic effects 
in gold that reduce the 6s—5d energy gap and enhance s-d hybridization. In order to 
uncover electronic signatures for the planar Au clusters, we performed a combined 
PES and density functional theory (DFT) study on Au, (n = 1-14) [18]. PES of size- 
selected Au, clusters has been performed by several groups previously [34]. However, 
the prior data were either of poor resolution [34b] or limited size range [34a, 34c]. 

Figure 2 shows our 193 nm PES spectra for Au, (n = 1-14). Better-resolved spectra 
at 266nm were also obtained. The spectra were all highly resolved with numerous 
discrete electronic transitions up to the highest photon energy used (6.424 eV). The 
most significant observation in the spectra is the even—odd alternation, where the even 
clusters show lower electron binding energies and sizable energy gaps, indicating that 
the neutral even-sized clusters are closed-shell electronic systems. However, the spec- 
trum of Aujo represents a clear exception to the even—odd pattern. The weak signals in 
the lower binding energy range between 2.8 and 3.8eV of the Aua spectrum were 
actually due to weakly populated isomers. In fact, the vertical detachment energy 
(VDE) of the main isomer of Aujo was measured to be 3.92 eV, which is higher than 
that of either Aug (3.84 eV) or Au (3.80eV). Minor isomers were also observed for 
other clusters, notably in the spectrum of Aug, where two weak features were observed 
in the HOMO-LUMO gap region at VDEs of 3.41 and 3.76eV. A very weak peak at 
2.49 eV in the Au; spectrum should also come from an isomer. In the spectra of Aug 
and Aujp, the first peak showed a splitting, each with a shoulder on the higher binding 
energy side. The splitting is too large to be attributed to vibrational excitations, and it 
is likely due to the presence of isomers with similar VDEs as the main isomers. The 
weak feature at the lowest-binding-energy side (3.76 eV) in the spectrum of Aur is also 
indicative of a contribution from a minor isomer. 

A number of optimized low-energy structures for Au, (n = 4-14) are shown in 
Fig. 3, a striking feature being the occurrence of energetically favorable planar struc- 
tures up to Auj.. For clusters larger than Aujo, many low-lying 3D isomers exist, but 
the ground states predicted by DFT are planar, in agreement with the finding by 
Furche et al. [33]. Figure 4 compares the calculated and measured VDEs. For most 
clusters, the theoretical VDEs for the lowest-energy clusters (filled dots) agree well 
with the experimental result. For Auj3, the calculated VDEs for both the 2D and 
3D structures seem to agree with the experimental data. However, for Auj4, only the 
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Figure 2: Photoelectron spectra of Au, (n = 1-14) measured at 193 nm. Reproduced from Ref. [18]. 


3D isomer agrees with the experiment, suggesting that 3D Au, clusters become 
energetically favorable for n 13. 


3.1.1. Aug and Aus 

The DFT calculations reveal four structures (4A-4D) very close in energy (within 
0.1 eV) for Aug. All four structures may be present in the PES experiment, as ev- 
idenced by the weak features in the HOMO-LUMO gap region in the spectrum of 
Auz (Fig. 2). The first main PES peak at 2.75 eV agrees with the calculated VDE value 
(2.78 eV) of isomer 4B. The calculated density of states (DOS) of isomer 4B exhibits a 
large HOMO-LUMO gap, also consistent with the measured PES data. Thus, the 
““Y’’-shaped isomer 4B should be the dominating anion in the Aug cluster beam. The 
very weak features at 2.5 and 3.4 eV are consistent with the calculated DOS of isomer 
4D (rhombus). 
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Figure 3: Optimized low-energy structures for Au, (n = 4-14). Several isomers are shown for each size, and 
the ground state is labeled by “A” in each case. Reproduced from Ref. [18]. 
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Figure 4: Comparison of theoretical and experimental VDEs for Au, . All theoretical isomers are labeled as 
in Fig. 3, and *GS" stands for the ground state. Reproduced from Ref. [18]. 


Structure 5A is clearly the ground state for Aus and the next isomer is 0.3 eV higher 
in energy. The calculated DOS of 5A agrees well with the measured PES spectrum. 


3.1.2. Aug 

The Au hexamer anion has been studied extensively; it was shown early on that its PES 
spectrum exhibits a very large gap of 2.3eV between the first two peaks [34b]. Fur- 
thermore, the first PES band has been resolved vibrationally with a spacing of 108 cm ' 
[35], indicating that the cluster has a high symmetry. A Dg, ring structure was proposed 
initially [35]. However, the D3, triangular structure 6A (Fig. 3) has been found to be 
the ground state from the DFT calculations. Ab initio molecular dynamics (MD) 
simulations show that electron detachment from the ground state of Aug to that of the 
Aug neutral induces a symmetric vibration with a frequency of 114cm~', compared 
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well to the experimental value of 108cm'. The calculated energy gap (1.94eV) and 
VDE (2.29 eV) of structure 6A are also in good agreement with the experiment (energy 
gap: 2.30eV and VDE: 2.13 eV). 


3.1.3. Auz and Aug 

The ground state 7A and the first isomer 7B (Fig. 3) for Au; are separated by only 
0.04 eV, followed by a larger separation of 0.4 eV from the first 3D isomer (7C). Based 
on this result, the coexistence of 7A and 7B isomers in the Au; beam is likely. Both 
structures give theoretical VDEs (7A: 3.46eV and 7B: 3.32eV) that are consistent with 
the experimental value (3.46 eV). Additionally, ab initio MD simulations show inter- 
conversions between structures 7A and 7B at 350 K, which is probably comparable to 
the cluster temperature in the beam. 

Isomers 8A and 8B (Fig. 3) for Aug are energetically close to each other (within 
0.16eV) and both should be considered in interpreting the PES data. Indeed, the two 
features visible in the low binding energy side of the PES spectrum (Fig. 2) could come 
from the two isomers. The calculated VDEs for isomers 8A and 8B are 2.94 and 
3.02 eV, respectively, in good agreement with the PES spectral pattern. 


3.1.4. Aug, Auj;, and Au 

The calculated VDEs of the ground-state structures 9A (3.75eV) for Aug, 11A 
(3.69 eV) for Auj,, and 13A (4.03 eV) for Aur agree reasonably well with the experi- 
mental values of 3.83, 3.80, and 3.94eV, respectively. The calculations predict the 
existence of several low-lying isomers particularly for Auj; and Auz (Fig. 3), which 
may contribute to the observed PES spectra. 


3.1.5. Aujo 

The PES spectrum of Aujo (Fig. 2) differs qualitatively from all the other spectra of 
even-sized clusters. It does not show an energy gap, suggesting that the Au neutral 
either has a very small HOMO-LUMO gap or is open-shell. The binding energy of 
Aua is also unusually high; its first VDE is at 3.91 eV. In addition, there are weak 
features in the low binding energy range (at 2.9 and 3.5 eV), indicating the presence of 
low-lying isomers. The planar D3, 10A structure (Fig. 3) is calculated to be the ground 
state, separated by 0.12eV from the planar D», isomer 10B. The calculated VDE of 
10A is 3.86 eV, in good agreement with the first strong PES peak at 3.91 eV. The VDE 
of the D», isomer, 2.94eV, matches the first weak PES feature at ~2.9 eV. 


3.1.6. Au 

For Aui», DFT calculations predict the planar D3, structure 12A (Fig. 3) to be the 
ground state, followed by a planar C5, structure 12B and a 3D CG structure 12C, 
which are 0.32 and 0.54 eV higher in energy, respectively. The DOS spectra of all these 
isomers show a clear HOMO-LUMO gap (~0.8eV), in good agreement with the 
experimental PES spectra that revealed a HOMO-LUMO gap of about 0.9 eV. Based 
on ion mobility data, Furche et al. [33] concluded that » — 12 is the critical size for 
2D-3D transition, namely isomers of both dimensionality (12A and 12C) are present 
in the Aup anion beam, and clusters with n 12 are 3D. The calculated VDE values 
for the first three isomers (12A, 3.24 eV; 12B, 3.25eV; and 12C, 3.10eV) all agree well 
with the measured value of 3.06eV. Additionally, the contributions from all these 
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clusters would give a double feature in the first photodetachment peak, as is indeed 
observed experimentally. Thus, our work gives further support for the conclusion of 
Ref. [33] that both planar and 3D structures are present in the beam of Au, 


3.1.7. Aujy 
For Aua, two structures (14A and 14B) were found within an energy interval of 
0.1 eV. Comparison of the experimental VDE (3.00eV) with calculated VDE (14A: 
3.66eV and 14B: 2.93 eV) indicated that the 3D flat cage-like structure 14B agrees with 
the experimental data. Furthermore, the calculated HOMO-LUMO gap for 14B 
(1.05eV) also reproduces well the observation (1eV), whereas 14A shows a much 
smaller energy gap (<0.4eV). It is therefore safe to conclude that the experimental 
PES spectrum for n = 14 comes from the 3D cluster, and the most likely candidate is 
structure 14B. This conclusion is also consistent with that from the ion mobility 
experiment — that above n = 12, the 3D gold cluster anions become favorable [33]. 
In summary, the combined PES and theoretical investigation on Au, (n — 4-14) 
allows us to gain insight into the structural characteristics and growth patterns of the 
Au cluster anions. We also found that the most likely structural candidates for Au 
cluster anions up to n = 12 are planar, confirming the findings of Furche et al. [33] 
using ion mobility. For n = 13, a definite structural assignment cannot be done on the 
basis of the PES data due to the existence of many low-lying 2D and 3D isomers. For 
n — 14, a 3D flat cage-like structure has been clearly identified. Isomeric effects are 
recognizable in the experimental PES data for several cluster sizes, most notably for 
n — 4, 7, 8, 10, and 12. The 2D-3D transition seems to take place via cage-like struc- 
tures, but for n = 13 the commonly considered icosahedral or cuboctahedral struc- 
tures are not energetically favorable. Also, we note that theoretical calculations 
indicate that, for most cluster sizes, the energetic ordering of the Au, neutrals does not 
follow that of the corresponding anions. However, the planar structures are energet- 
ically very competitive with respect to 3D structures also in neutral gold clusters; 
indeed, only for the largest size considered, Auj4, a 3D ground-state structure has been 
found. Nevertheless, experimental verification for the 2D-3D transition in neutral 
clusters is challenging because the cluster beam experiment usually observes properties 
of charged clusters. Moreover, the critical size for 2D—3D transition in the Au, neu- 
trals has turned out to be very controversial even for state-of-the-art computational 
methods [36]. For positively charged clusters, Au’, the 2D-3D transition size has been 


n? 


deduced to be n — 8 from the ion mobility experiment [37]. 


3.2. Au»: a tetrahedral cluster and an ideal molecular model for nanogold catalysis 

During our experiment on small Au clusters, we found that the 20-atom gold cluster 
exhibits an extremely large HOMO-LUMO gap, as shown in Fig. 5. The 193nm 
spectrum displays a weak peak around 2.7eV (labeled X), followed by a large energy 
gap and more discrete transitions at higher binding energies (A, B, C,...). This spectral 
pattern suggests that neutral Aus, is a closed-shell molecule with a HOMO-LUMO 
gap of 1.77 eV, as measured from the X—A separation. This energy gap in Auso is very 
large, about 0.15 eV greater than that in Ceo (1.62 eV) [38]. Electron signals observed in 
the HOMO-LUMO gap region in the 266nm spectrum (Fig. 5b) were owing to 
autodetachment as a result of a photoexcited Aus, upon absorption of a 266 nm 
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Figure 5: Photoelectron spectra of Auz at (a) 355nm, (b) 266nm, and (c) 193nm. Reproduced from 
Ref. [19]. 


photon. Similar autodetachment signals were also observed previously in Ceo [38]. The 
355 nm spectrum of Au», (Fig. 5a) revealed a very sharp peak for the ground-state 
transition (autodetachment signals were also observed at this detachment energy), 
suggesting that there is very little geometry change between the ground states of the 
Auz anion and the Au», neutral. This is different from Cen, whose PES spectra exhibit 
vibrational features due to structural distortions of the anion ground state [39]. The 
355 nm spectrum yielded a VDE of 2.751 0.010 eV and an ADE of 2.745+0.015eV 
for Auzo. The latter is the electron affinity (EA) of Auzo: a measure of how tightly the 
cluster can bind an electron. The EA of Au is higher than that of Cen 
(2.683 +0.008 eV) [38], thus Ausg is even more electronegative than Cen, According 
to the electron shell model, Aus, with 20 valence electrons should represent a major 
shell closing. What is surprising is the magnitude of the HOMO-LUMO gap. With the 
exception of Au» and Aug, the HOMO-LUMO gap observed for Au», is the largest 
among all known coinage metal clusters. 

An extensive structural search for neutral and negatively charged Au»o was carried 
out using relativistic DFT calculations, as shown in Fig. 6. The structural search starts 
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Figure 6: Selected optimized Aung structures: (A) tetrahedral structure (Ty), (B) amorphous structure (Ci), 
(C) capped decahedron (C},), (D) planar structure (C24), (E) octahedral structure (O,), and (F) dodecahedral 
structure (7,). Reproduced from Ref. [19]. 


from the highest symmetry possible (the Platonic dodecahedron with icosahedral (7,,) 
symmetry and octahedron with octahedral (O;) symmetry) to their various important 
subgroups, as well as the ring and bowl structures known for Con. Also tested are a 
capped decahedron (C5,) structure and an amorphous (Cj) structure, which were 
found as “global minima" in previous calculations [40]. The J, and O, Au», structures 
are open-shell and would be subject to Jahn-Teller instability; a string-bag-like cage, 
a bowl, and a ring structure are closed-shell but are highly unstable, with small 
HOMO-LUMO gaps. Because smaller Au, (n« 13) clusters prefer planar geometries 
(Fig. 3) [18, 32, 33], a planar Au», structure was also calculated, as well as a linear 
Aus, chain, which has recently been formed on an NiAl surface and studied with 
scanning tunneling microscopy (STM) [41]. Although less stable than the tetrahedral 
structure (Fig. 6A), the planar structure (Fig. 6D) was found to be more stable than 
any other isomers except the amorphous cluster (Fig. 6B) and the capped decahedron 
(Fig. 6C). The linear chain is highly unstable, with almost no HOMO-LUMO gap, 
which is consistent with its metallic behavior observed by STM. The calculated mo- 
lecular properties are summarized in Table 1. 

The most stable structure identified is the ideal tetrahedral (T3) structure (Fig. 6A), 
which is more stable than the previously suggested "global minima" C, and C, 
structures [40] by 1.4 and 1.8eV, respectively. The 7; Auso structure is closed-shell 
with a HOMO-LUMO gap of 1.8eV, in excellent agreement with the experiment. The 
Au-Au distances (0.268, 0.271, 0.283, 0.297, and 0.312 nm) in the calculated T; Aus 
structure are close to those in bulk gold (0.288 nm), yielding a tetrahedral edge around 
] nm. Frequency calculations for Ta Au», confirmed it is a minimum on the potential 
energy surface. 

To facilitate comparison with experimental results, the geometries of the anions for 
all the isomers were also optimized. Consistent with the experiment, very little struc- 
tural change was observed upon electron addition to 7; Auso: the Jahn-Teller dis- 
tortion energy (70.02 to 0.04 eV for distortion to the D5; and C3, symmetries) is much 
smaller than the spin-orbit coupling energy (0.16 eV), so that the geometry distortion 
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Table 1: Optimized molecular structures, point group symmetries, electronic configurations, HOMO- 
LUMO energy gaps (AEyı), relative scalar-relativistic energies (Esr), and electron affinities (EA) of Auzo 
(Ref. [19])*. 





Structure Symmetry Configuration Au. Esr Esr (anion) EA 

Tetrahedral pyramid Tı (fie lt) 1.818 0 —2.612 2.612 
No symmetry Ci (aJ (a) (a? 0.495 1.395 —1.767 3.162 
Capped decahedron C (a) (a) (b2)? 0.204 1.779 —1.616 3.395 
Planar Cy (ag) (bu) (b. 0.689 2.063 —1.636 3.699 
Octahedron On (aig) (e(t, 0 2.509 —0.484 2.993 
String-bag cage D», (a18) (b2,) (b38)? 0.170 2.898 —0.729 3.627 
Dodecahedron In (hj (gu) (tzu)? 0 8.466 4.842 3.624 
Bowl Cs, es Tier tel 0.087 10.504 6.176 4.328 
Ring Dsn ed Tas ad" 0.737 11.520 7.249 4271 
Chain Ca (oP m m o)? 0.003 17.625 12.101 5.524 





The relative scalar-relativistic energies of the optimized anions are also listed, Esr (anion). All energies are in eV. The total 
energies of the various isomers of Au», and Au», are relative to those of the neutral tetrahedral Auzo. 


is quenched. The total energy difference between the anion and the neutral defines the 
theoretical EA. The calculated EA for 7; Au» is 2.61 eV. However, when spin-orbit 
coupling is included, a theoretical EA of 2.741 eV is obtained, which is in excellent 
agreement with the experimental value of 2.745 c 0.015 eV, whereas the calculated EAs 
for all other structures deviate considerably from the experimental measurement 
(Table 1). Because the X-A gap represents the excitation energy of the lowest triplet 
excited state, this quantity for Ta Ausg was also calculated. The calculated excitation 
energy for the lowest triplet state CA is 1.777 eV, in close agreement with the ex- 
perimentally determined value of 1.77eV. 

The tetrahedral Auz can be viewed as a small piece of bulk gold with a small 
relaxation. Each of the four faces represents a (1 1 1) surface of face-centered cubic (fcc) 
gold. It has a very high surface area (all the atoms are on the cluster surface) and a large 
fraction of corner sites with low coordination. The three different kinds of atoms in the 
Ta structure, 4 at the apexes, 4 at the center of each face, and 12 along the edges, have 
different coordination environments and may provide ideal surface sites to bind differ- 
ent molecules for catalysis (such as CO, O2, and CO;). Preliminary calculations of four 
CO absorbed on the apex and face-center sites reveal à HOMO-LUMO gap of 1.43 
and 1.50eV for the Au59(CO), clusters and a binding energy of 0.84 and 0.15eV per 
CO, respectively. The large HOMO-LUMO gaps in the naked and CO-adsorbed 
clusters indicate that the T Ausg is highly chemically inert, and will maintain its 
structural integrity during catalysis. 

The tetrahedral Auzo cluster has been confirmed by numerous follow-up works 
[42-48]. Wang et al. [42] conducted a comparative DFT-GGA study of Au»o, Ag»o, and 
Cuno, and showed that Aus, indeed possesses a highly symmetric 77 structure (0.675 eV 
lower than the low-symmetry C, compact structure). More interestingly, Cu»o was 
found to possess a low-symmetry C, structure (0.579 eV lower than the 7; structure), 
whereas for Ag», the T, and C, structures are virtually isoenergetic. In a closely rele- 
vant quasi-relativistic DFT study [49], Johansson et al. showed surprising stability of a 
series of tetrahedral pyramidal Cd, clusters (including Cd59), and suggested that 
relativistic effects play vital roles in stabilizing the T; clusters. de Bas et al. [43] repor- 
ted combined first principles and empirical potentials calculations of gold clusters from 
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3 to 38 atoms, and confirmed the 77; structure for Auso. These authors further inves- 
tigated the melting behaviors of Auz through MD calculations [44], and found that, in 
contrast to other Au clusters, the Au», tetrahedron does not undergo any structural 
isomerization prior to melting and shows a sharp transition between solid-like and 
liquid-like phases at about 1200 K (comparable to the melting point of bulk gold), 
indicating that the tetrahedron sits at the bottom of a deep, isolated energy well. King 
et al. [45] proposed that the tetrahedral Aus, cluster can be generated from a regular 
dodecahedron by forming two transannular Au-Au bonds across each face (through 
aurophilic interactions) while preserving T symmetry. Wu et al. [46] recently studied the 
dipole polarizability, static first hyperpolarizability, and UV-Vis spectrum of Aus 
using time-dependent DFT (TD-DFT) calculations, and showed remarkable second- 
order optical nonlinearity in Auzo, which may be used as novel molecular optoelec- 
tronic devices. Neumaier et al. [47] studied the chemical reactivity of Au? (n = 1-65) 
with CO and found a local minimum at Au», in the first CO adsorption rate constant, 
indicative of a stable Aus, cluster. Furthermore, it was also characteristic that the first 
four CO molecules adsorb on Aus, with very similar rate constants, consistent with a 
symmetric structure with four equivalent sites. Molina and Hammer [48] studied the 
catalytic activity of Auso using DFT simulations, and found that Au, is extremely 
robust against distortion on oxide surface and is highly catalytically active. 


3.3. Toward solution synthesis of the tetrahedral Au, cluster 

Bulk synthetic effort has also been devoted in our lab to the Au», cluster, and recently 
we successfully observed the tetrahedral Au» cluster in solution, ligated with triphenyl 
phosphine (PPh3) ligands [20]. Theoretical calculations (Fig. 7A—C) revealed that the 





Figure 7: Computed structures of Au» and its phosphine complexes: (A) Auoo(PPh3)4, (B) van der Waals 
surface of Aus (PPh3)4, (C) Auso(PH3)4, and (D) Auz (PH3)g. Reproduced from Ref. [20]. 
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Auso(PR3)4 (R = H, Ph) complexes indeed possess high stability. Figure 7A shows the 
optimized structure of Ausg coordinated with four PPh; ligands; its van der Waals 
surface is shown in Fig. 7B. Expecting that the effect of PH, on the Auso core would be 
similar to that of PPh3, the Auso(PH3)4 complex was also calculated for computational 
simplicity (Fig. 7C). Indeed, the only effect the phosphine ligands have on the Au»o 
core is that the four face-centered Au atoms tend to be pushed outward from the four 
Aus. faces: the calculated distance between the face-centered atoms is increased from 
3.1 A in Aus to 3.4 À (4.0 A) in Auso(PPh3)4 (Au;)(PH3)4). But the ligated complexes 
still maintain a large HOMO-LUMO energy gap: 1.44 eV in Au59(PPh3), and 1.82eV 
in Au;o(PH3)4, compared to 1.77eV in the parent Aun (Fig. 5) [19]. Thus, the Au» 
complexes should have beautiful color and interesting optical properties. 

High-resolution transmission electron microscopy (TEM) images showed that the 
soluble as-synthesized samples contained gold nanoparticles with diameters as large as 
3nm, as well as many particles with diameters less than 1 nm. Each edge of the bare 
Auv was calculated to be 0.81 nm and was not changed in the PH3-capped complex. 
Thus, the 7, Au»o core is expected to give a triangular image with an overall dimension 
shghtly less than 1 nm. Indeed, numerous triangular particles with dimensions of 
less than 1 nm were found in the TEM images [20], consistent with the anticipated 
PPh3-capped Auvo. 

The solution sample containing Au nanoparticles was further characterized using a 
high-resolution Fourier transform ion cyclotron resonance (FTICR) mass spectro- 
meter, which was accurately calibrated and equipped with an electrospray ionization 
(ESI) source. We carefully searched the m/z range around Auzo(PPh3)4 (m/z = 
4987.695) but did not observe any singly charged ions in this mass range. All of 
the mass peaks observed in this m/z range and in higher m/z ranges appeared to be 
doubly charged ions, which could be easily recognized from the 1/2 m/z difference 
in the isotopic patterns. We then searched the lower m/z range corresponding to 
Auso(PPh;)4 ` (m/z = 2493.848), as shown in Fig. 8A (left column). Prominent singly 
charged ions were observed, corresponding to five- and six-atom gold clusters, but no 
doubly charged ions at m/z = 2493.848 were observed. However, a careful examina- 
tion of the mass spectrum revealed that doubly charged ions corresponding to Aus 
clusters with eight and seven PPh; ligands were observed at m/z = 3018.030 and 
2886.984, respectively. We also observed mass peaks corresponding to Aujo com- 
plexes, but familiar clusters such as the undecanuclear Au, species were not observed 
under our experimental conditions. 

Figure 8B (left column) shows the observed isotopic pattern of the Auso(PPhz)g * 
cation primarily due to the IC isotope, compared to the simulated isotopic pattern 
(Fig. 8C, left column). The perfect agreement between experimental and simulated 
isotopic patterns, as well as the accurate m/z measurement, unequivocally confirmed 
the correct identification of the Auso(PPhz)g * composition. Such good agreement was 
also obtained for the observed Auz9(PPh;)3* ions. 

To obtain structural information for Au;)(PPh3)? ` , we conducted collision-induced 
dissociation (CID) experiments in the FTICR cell, which revealed that four PPh; 
ligands can be readily dissociated from Au;(PPh3)?', resulting in a highly stable 
Au»o(PPh4)j" ion, which could not be dissociated further under our experimental 
conditions (Fig. 8, right column). The CID results suggested that the tetrahedral core 
of Aus, is intact in the PPh3-coordinated clusters. 
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Figure 8: (Left column) High-resolution mass spectrometric characterization of Au-PPh3 complexes: (A) 
mass spectrum containing the Auno(PPh3)3 * and Auzo(PPh3)3* doubly charged clusters, (B) isotopic pattern 
of the Auz9(PPh3)3 mass peak, and (C) simulated isotopic pattern using the natural isotopic abundances of 
Au, P, C, and H. (Right column) CID of Auno(PPh3)3 *: (A) Auo(PPh3)3~ peak after mass isolation, (B) 
CID products of Auy9(PPh;)3* terminated at the lose of the maximum of four PPh; units, and no more PPh, 
could be removed under the current CID condition. Reproduced from Ref. [20]. 


To elucidate this observation, further calculations were performed on an Aung 
cluster coordinated by eight PH3 (Fig. 7D), with the four additional PH; ligands 
coordinated to the face-centered sites. The calculations indeed showed that the T4 
Au» core is intact in Au59(PH3)s, which also has a large energy gap (1.55eV) that is 
only slightly smaller than that of Aug. The edge length of the Ty Auzg was not 
influenced by the PH; coordination; the only structural change is the outward move of 
the face-centered atoms. The four face-centered atoms in Aus, form a smaller tetra- 
hedron, with an Au-Au distance of 3.1 A being increased to 4.0 A in Auso(PH3)4 and 
4.7 A in Auso(PH3)g. The average binding energy of PH3 to the face-centered sites was 
calculated to be 16 kcal/mol, which is still sizable but smaller than that of the apex 
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sites. It should be pointed out that the Au-PPh3 binding energy is expected to be larger 
for the apex sites and smaller for the face-centered sites because of steric repulsion 
between the bulkier PPh; ligands compared to the PH; ligands used in the calcula- 
tions. Thus, the theoretical results were completely consistent with the CID experiment 
and confirmed that the 7, Au» core is a robust cluster building block. 

The phosphine ligands are electron donors, causing the increase in the HOMO 
energies of Aus, from —5.60eV in the bare cluster to —4.51 eV in Aus (PH3)4 and 
—3.89 eV in Auso(PH3)g. This result suggests that the latter has a relatively low ion- 
ization energy and may exist as doubly charged closed-shell cations in solution. This 
explains why we were not able to observe singly charged Auzo(PPh3)s from the ESI 
source. It also explains why we did not observe negatively charged Au59(PPh3)g ions 
when the negative mode was used in the ESI mass spectrometry. The weaker 
Auzo(PPh3)3° ion signals may be produced from the dissociation of the parent 
Auso(PPh;)g in the ESI source. The current experimental and theoretical results 
suggest that the T4 Auz cluster coordinated with phosphine ligands may be obtained 
in bulk quantity. It is expected that by increasing the size of the ligands one can 
synthesize the 7, Au» clusters with only the four apex sites coordinated. 





3.4. Au32: a golden fullerene cage cluster? 

A recent theoretical surprise in Au clusters is the prediction of a highly stable Aus; 
cage cluster [50], which was found to have the same icosahedral (7,) symmetry as Cen 
and can be viewed as decorating one atom to each of the 32 faces of Ceo. Such a high- 
symmetry structure with a hollow core is intriguing but completely unexpected for a 
metal cluster. However, this structure has not been confirmed experimentally. Among 
even larger Au clusters, Gao and Zeng [51] studied a closed-shell /; symmetrical model 
Au, fullerene cluster using DFT calculations. The Aug, cluster can be constructed 
from the carbon fullerene Cgo (J, symmetry) as a template. It is a local minimum on 
the potential energy surface, being —0.7 eV higher in energy than two compact struc- 
tures previously identified. Very recently, Wang et al. [52] in their DFT calculations 
found a hollow cage Auso structure, which is slightly more stable than its alternative 
space-filling isomeric structures. 

We combined PES and DFT calculations to elucidate the electronic and geometri- 
cal structures of Aus; and Auz [21]. The PES spectra of Au3 (Fig. 9) were meas- 
ured at two photon energies, 266 and 193 nm. A total of seven discrete bands were 
resolved (labeled as X and A-F). The well-resolved bands in this spectral range make it 
possible to compare with theoretical calculations and to determine the geometric 
structure of the observed Aus; cluster. The X band yielded an EA for Auz to be 
3.96 -0.02eV. The PES spectral pattern indicates that Au3 has a closed-shell elec- 
tronic structure with a relatively small energy gap of 0.30eV as defined by the X—A 
separation. 

The previous theoretical search showed that for neutral Aus, the J, cage is the most 
stable structure, with the closest isomer (Den) being 0.94 eV higher in energy [50b]. The 
current DFT calculations are focused on the Aus» anion. It was found that the J, 
cluster with a slight Jahn-Teller distortion (D34) remains to be the lowest-energy 
structure for Auz (Fig. 10a and Table 2), but the closest noncage isomer C;j-I 
(Fig. 10b) is only 0.40 eV higher in energy based on the ADF calculations. Because of 
the Jahn-Teller effect, several lower symmetry species were considered for the cage 
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Figure 9: Photoelectron spectra of Aus» at (a) 266nm and (b) 193nm. Reproduced from Ref. [21]. 


structure of Aus». The structural distortions are all very minor and the four lower 
symmetry structures are close in energy (Table 2). Except the planar structure, the 
other four low-lying isomers of Aus; as shown in Fig. 10 (C}-I, De, C2, and Cj-II) are 
also close in energy. The two C, isomers have no symmetry and can be characterized 
as being amorphous. These two structures and the C5 isomer are 3D, whereas the 7, 
and Dg, structures are cages, which can be considered to be quasi-2D. The three low- 
symmetry 3D structures are more compact and can be viewed essentially as distorted 
cages with two to four atoms inside. 

Due to its high symmetry, the J, Aus» has been shown to possess a very large 
HOMO-LUMO gap. A gap of 1.7 and 2.5eV was evaluated in DFT calculations using 
the BP86 and PBEO functionals, respectively [50a], whereas a gap of 1.5eV was ob- 
tained using the VASP code [50b]. These values are considerably larger than the 
0.30eV gap measured in the PES spectra of Aus» (Fig. 9), suggesting that the experi- 
mentally observed Au3 cannot be the J, cluster. To help determine the structure 
of Aux, the ADE and VDE of all the six low-lying isomers were computed for 
comparison with the experimental PES spectra. The calculated ADEs for the C,-I 
isomer (3.96eV) and the Cy isomer (3.94eV) are both in perfect agreement with 
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Figure 10: Selected optimized structures of Aus: (a) the global minimum icosahedral cage structure (J;,), (b) 
first isomer with Cj symmetry (C-I), (c) isomer with Den symmetry, (d) isomer with C; symmetry, (e) second 
isomer with C; symmetry (C;-II), and (f) planar structure with C5, symmetry. Reproduced from Ref. [21]. 


the experimental value (3.96 + 0.02 eV), whereas that of the J, structure is consider- 
ably smaller. The calculated ADEs of other isomers are also in poor agreement with 
the experimental value. The computed VDE spectra are shown in Fig. 11 in com- 
parison with the experimental spectrum at 193nm (dotted curve). The simulated 
spectrum of the I, isomer (Fig. 11a) is very simple with its large HOMO-LUMO 
gap due to the high symmetry of this cage structure. The simulated spectra of the 
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Table 2: Optimized structures and electron configurations for Au3 and Au;55, HOMO-LUMO energy gaps 
(Eu) for Aus; relative total energies (AE), and ADEs and VDEs for Aus, all calculated by the ADF 
PW91/TZ2P method (Ref. DU, 








Neutral Anion 

Symmetry Configuration Au, Symmetry ` Configuration AE tot ADE VDE 
Coy (b>)*(ay)° ~0 Coy (b3) (aj)! 2.50 4.28 4.32 
Ci (aY (a)? 0.44 C,-II (aa)! 0.81 3.74 3.79 
C; (b)?(a)° 0.39 C; (b)*a)! 0.46 3.94 4.11 
Dg, (ei) (e2)? 0.84 D^ (bzu) (big)! 0.41 3.63 3.68 
Ci (aY (a)? 0.22 Cl (aa)! 0.40 3.96 4.03 
I, (Eu) (Ep)? 1.56 Dsa (eu) (aig)! 0.16 2.90 3.02 

D», (ais) (aig)! 0.02 3.05 3.10 

Cy, (bu)? (bp)! 0.01 3.06 3.16 

Doa (au) aig)" 0.00 3.06 3.15 





*All energies are in eV. The HOMO-LUMO energy gaps are for the optimized neutral species. 
bStructural distortion in the anion is very small and the anion symmetry is very close to the neutral Dg, structure. 


Relative Electron Intensity 





(e) Gell 





3 4 5 6 3 4 5 6 
Binding Energy (eV) 


Figure 11: Simulated photoelectron spectra of Aus; for different isomers shown in Fig. 10, overlaid 
with the experimental spectrum at 193nm (dotted curve) for comparison. The simulated spectra were 
constructed by fitting each of the calculated VDEs with a Gaussian of 0.05eV width. Reproduced from 
Ref. [21]. 


110 HUA-JIN ZHAI, XI LI AND LAI-SHENG WANG 


Den cage and the C», planar structures are also quite simple due to their relatively high 
symmetries. These spectra (Fig. llc and f) clearly disagree with the experimental 
PES data. 

The simulated spectra of the three low-symmetry structures display some similarities 
(Fig. 11b, d, and e), all with an intense band above 5.5 eV derived from the high DOS 
of the 5d electrons. However, the lower binding energy parts of the simulated spectra 
are highly structured and exhibit clear differences, which seem to be quite sensitive to 
the detailed cluster structures. The simulated spectrum of the C; structure (Fig. 11d) is 
very congested near the threshold region between 4.0 and 4.8eV, followed by a gap 
and another band at 5.3eV. This simulated pattern is clearly inconsistent with the 
observed PES spectra (Fig. 9). On the first glance, the simulated spectrum of the C;-II 
structure (Fig. 11e) seemed to display some similarity to the experimental spectra. 
However, the first peak of this structure at 3.74eV is considerably lower compared 
with the experimental data. The number of bands between 4.2 and 5.1eV is also 
inconsistent with the experimentally observed bands. In addition, the total energy of 
the C-H structure is 0.81 eV higher above the ground state, making it unlikely to be 
populated under our experimental conditions. On the other hand, the calculated ADE 
of the Cj-I structure (3.96 eV) is in excellent agreement with the experimental data 
(3.96 —- 0.02 eV), so that the first peak of the simulated spectrum of the Cj-I structure 
(Fig. 11b) coincides with the first experimental peak. The calculated HOMO-LUMO 
gap (0.22 eV) for the C,-I structure seems to be slightly smaller than the measured gap 
of 0.3 eV.The number of bands and their spacings in the low binding energy part of 
Fig. 11b (except the HOMO-LUMO gap) are in excellent agreement with the observed 
PES spectra for Aus». Overall, the simulated spectrum of the C,-I structure agrees best 
with the PES spectra. 

The Cj-Iisomer is energetically the closest-lying isomer above the J, structure, but it is 
still 0.4eV higher based on the DFT calculations. Why was this isomer observed ex- 
perimentally whereas the energetically more favorable Aus» cage was not? To under- 
stand this apparent paradox, the relative stabilities of the various isomers as a function 
of temperature were considered by taking into account the entropy contributions, i.e., 
the free energy. It was found that, although at zero temperature the J, cage structure is 
the most stable, the relative stability of the C;-I isomer increases rapidly with temper- 
ature due to contributions from the vibrational entropy. Significantly, it was observed 
that the Cj;-I isomer becomes the most stable cluster above ~300 K. Although the actual 
cluster temperature in the experiment is not known, our previous experience shows 
that for medium-sized AI clusters a vibrational temperature of room temperature or 
slightly below can be achieved [53]. Because of the large size of Au3 and the ineffec- 
tiveness of the supersonic cooling, the best estimate for its vibrational temperature 
even under the relatively cold source conditions is probably around or slightly below 
room temperature. Considering the approximate nature of the free energy calcula- 
tions, it is concluded that the formation of amorphous C,-I Aus; in the experiment 
was indeed controlled by the vibrational entropy. Note that the C;-II isomer is higher in 
energy than the lowest-energy Ci-I isomer at room temperature by 0.5eV, making 
it very unlikely to be significantly populated under our experimental conditions. This 
is reinforced by the observation that the C; and Dg, isomers, which are both more 
stable than the Cj-II isomer, do not seem to have any contributions to the observed 
spectra. 
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4. NOVEL GOLD ALLOY CLUSTERS 


4.1. Observation of Au: H impurity in pure gold clusters and implications for the 
anomalous Au-Au distances in gold nanowires 

One of the recent exciting developments in nanoelectronics is the fabrication of gold 
nanowires one-atom thick, which are the thinnest nanocontacts [3, 54]. Atomic-thick 
nanowires were exclusively observed for 5d metals [55], and strong relativistic effects 
were believed to play vital roles. These monoatomic gold nanowires were observed to 
be exceptionally stable, reaching interatomic distances as large as 3.6 A [3, 54], a value 
significantly larger than the equilibrium Au-Au distances in gold dimer (2.48 A) and in 
bulk fcc gold (2.88 À). Several proposals have been put forth to interpret the abnor- 
mally high Au-Au distances [56-60]. Among the previous proposals is the existence of 
undetected impurity atoms [59, 60], such as H, B, C, CC, N, O, and S. All the 
impurities except H have been shown to give Au-Au distances much larger than 3.6 A. 
Two recent theoretical works [59] concluded that H is the best and only candidate for 
the 3.6À Au-Au distance. Nevertheless, a further debate on the computational sim- 
ulations is still ongoing [60], primarily because there has been no direct experimental 
observation of any hydrogen impurity atoms in the monoatomic gold nanowires. 

During our experiment on Auz, we noticed a mysterious PES band (X) at ~3.6eV 
(Fig. 12), which appeared in the HOMO-LUMO gap region of Au». Upon exam- 
ination of the literature, we found that the same feature was also present in several 
previous PES studies on Au; [34b, 34c]. No convincing explanations for this feature 
have been put forth, despite extensive efforts [34c]. Recently, Gantefor and co-workers 
have reported PES spectra for a series of small gold hydride clusters [61]. We noted 
that the binding energy of the leading PES feature of Au;H was very close to the 
mysterious band present in the Au» PES spectra. This led to our suspicion that the 
origin of the mysterious band in the Auz spectrum might be due to contamination 
from Au9H . 

We carefully re-examined the PES spectra of Auz. We first repeated the Au; ex- 
periment using a pure Au target and pure He carrier gas, as we did before [18]. The 
spectra at 193 and 266nm are shown in Fig. 12a and b. Nine main spectral features 
were observed and are labeled with the lower case letters, x and a-h. The weak mys- 
terious peak at ~3.6eV was labeled as X. To test if there would be any contamination 
due to Au)H in the Aus peak, we delayed the mass gate slightly to select the later part 
of the Au; peak (because our mass spectrometer cannot resolve Auz from Au H`) and 
took the data again, as shown in Fig. 12c and d. We noted that the relative intensity of 
the 3.6eV peak increased slightly. We then delayed the mass gate further to choose the 
tail part of the Au; peak on the high-mass side and obtained the spectra displayed in 
Fig. 12e and f. To our surprise, the relative intensity of the 3.6eV peak increased 
dramatically, accompanied by the appearance of a very weak feature (X) at ~2.8eV 
and two features (E and F) at the high-binding-energy side. At the same time, the 
relative intensities of features d and f were also enhanced, suggesting that there 
were Au H` contributions. We noted that the binding energy of the 3.6eV peak (X) 
was the same as that reported recently for Au5H [61]. Thus, the additional features in 
Fig. 12e should all be due to Au5H  . This observation clearly showed that there was a 
small amount of contamination from the Au;H in the Au; mass peak. Our mass 
resolution was about 350, which was barely enough to resolve the AuoH peak from 
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Figure 12: Photoelectron spectra of Au; (a-f) and Au,D” (g and h) at 193 and 266nm. Also shown are 
spectra of pure AuzD at (i) 266 nm and (j) 193 nm after weighted subtraction of the Au; components. The 
inset in (i) shows the vibrational structures of Au)H vs. AuzD”. Reproduced from Ref. [22]. 


that of Auz. Since ultra-pure He carrier gas (99.999995) was used and no contam- 
ination was ever observed in other cluster experiments with this carrier gas, we suspect 
the hydrogen contamination came from trace amount of hydrogen impurity in the gold 
target, which has a specified purity of 99.99%. 

To verify the above observation, we produced Au;H using a H5-seeded He carrier 
gas. We obtained spectra similar to those shown in Fig. 12e and f because the Auz 
mass peak was always dominating and the AuzH” peak could not be cleanly mass 
selected, as discussed above. To further confirm the observation of AuzHl , we per- 
formed experiments using a D»-seeded He carrier gas, as shown in Fig. 12g and h. 
Because of the 2 amu mass separation between Au;D and Aus, it could be mass- 
selected more cleanly, although a small amount of Auz was still discernible in the 
spectra of Au;D  . But the main spectral features in Fig. 12g and h are due to Au D` 
and they are identical to those observed for Au;H . (The isotope shift on the electron 
binding energy is expected to be much smaller than our instrumental resolution.) In 
addition to the three strong features (X, E, and F) observed in Fig. 12e for AuH  , 
four more features (4—D) were identified in Fig. 12g. These features were overlapped 
with those from Au; in the case of Au)H (Fig. 12e). A very weak band X’ was also 
observed in the spectra of Au;D' , identical to that in the spectra of Au,H™ 
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(Fig. 12e and f). The X’ feature was extremely weak for both AuzH and AuzD, but 
was always present. It was attributed to a minor isomer of Au H` /Au D~ and was 
born out from the theoretical calculations, as shown below. 

We obtained “clean” spectra for Au D` (Fig. 12i and j) by subtracting the respec- 
tive Au» contaminations. The ground-state transition (X) of Au?D was clearly 
vibrationally resolved with a frequency of 1470+50cm7!. Such a high frequency is 
likely due to the Au-D stretching vibration. In the inset of Fig. 121, we compared the 
vibrational structures of Au,D” and Au H`. There is a clear isotope shift, and the 
vibrational frequency estimated for Au;H is 2050--100cm ' from our data. Our 
obtained vibrational frequencies for Au;D and Au;H compare well with those for the 
diatomics, AuD (1635.0cm~') and AuH (2305.0cm !) [62], and the isotope shift 
factor (vp/vn) is identical for both systems. In Fig. 12i and j, the weak feature X is 
expanded and is more clearly shown. Despite its weak intensity, good signal-to-noise 
ratio was obtained due to the high count rates. The ADE and VDE for the X' band 
were measured to be 2.73 and 2.81 eV, respectively. 

The optimized structures for AuzH and Au,H from DFT calculations are sum- 
marized in Fig. 13. The anion ground state turned out to be linear [Au-Au—H]~ 
(Fig. 13a, CG ! Aj). A linear isomer [Au-H—Au]~ (Fig. 13b, Don 'A1) was found to 
be 0.60 eV higher in energy. These results are in agreement with a previous DFT study 
on Au>H [61]. The neutral Au;H ground state was triangular (Fig. 13c, C», ?B,), in 
which the H atom bridges the Au-Au atoms. The linear Au-Au-H and Au-H-Au 
neutral species were located 0.10 and 0.17 eV higher, respectively. Frequency analyses 
showed that the linear [Au-Au-H] and[Au-H-Au] anions and the triangular Au,H 
neutral were all true minima on the potential energy surfaces, whereas the neutral 
Au-Au-H and Au-H-Au species were second-order saddle points, each with two 
imaginary frequencies. The calculated ADE for the ground-state anion is 3.20eV, 
compared with the experimental value of 3.55eV. The calculated ADE for the low- 
lying isomer is 2.56eV, much lower than that of the ground-state anion, in good 
agreement with the measured ADE of 2.73eV for feature X. 
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Figure 13: (a) Optimized ground-state structure and (b) a low-lying isomer for Au5H , and (c) the ground- 
state structure for Au?H. Bond lengths are in A, and the relative energies in eV are given in parentheses. 
Shown in italics is the Mulliken charge distribution. Reproduced from Ref. [22]. 
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The observation of the impurity Au H~ cluster in our PES experiment using a 
highly pure Au target was totally unexpected. It should be noted that this was an 
exception among many studies on transition metal clusters in our laboratory. We 
confirmed that the hydrogen source comes from the Au target itself, i.e., the trace 
amount of H impurity in the Au target. This observation suggests that it should not be 
too surprising that H may appear as an impurity in the atomic-thick gold nanowires. 
The calculated Au—Au distance in the [Au-H-Au] isomer is 3.44 A, very close to the 
anomalous Au-Au distance (3.6A) observed in gold nanowires. Considering that 
abnormal Au-Au distance is observed for atomic Au nanowires under tension, this 
would bring the gas-phase Au-H-Au distance (3.44 À) even closer to the observations 
in atomic nanowires (3.6 A). Both the observation of the Au)H^ impurity from a pure 
gold target and the correct Au-Au distance in the [Au-H—Au] cluster provide strong, 
albeit indirect, evidence that H is the "invisible" atom that gives the anomalous 
Au-Au distance in gold nanowires [3, 54]. 


4.2. Atomic-like magnetism in transition-metal-doped gold clusters: MAug (M = Ti, 
V, Cr) 
Although transition metal atoms with a partially filled d shell are magnetic, their 
magnetism is quenched or significantly reduced in the bulk due to chemical bonding 
that gives rise to crystal cohesion. For transition metal impurities in nonmagnetic host, 
the hybridization of the impurity d states with the host metal plays a crucial role in 
determining the local magnetic moments, which is sensitive to both the local structure 
and the electronic nature of the host. Atomic clusters provide a unique medium to 
explore magnetism because the cluster size, the local structure, and the atomic com- 
positions can be readily controlled and varied. Generally, the reduced coordination 
number and higher symmetry in clusters lead to narrower electronic bands and en- 
hanced magnetization. Transition-metal-doped gold clusters have been actively pur- 
sued to tailor the desired structural, electronic, and chemical properties for potential 
applications. We recently investigated a series of transition-metal-doped gold clusters, 
MAug (M = Ti, V, Cr), and found that the magnetic moments of the impurity tran- 
sition metal atoms are not quenched by the nonmagnetic gold host in the MAug 
clusters, which possess total magnetic moments corresponding to the number of d 
electrons localized in atomic-like unhybridized 3d orbitals of the dopants [23]. 
Figure 14 shows the photoelectron spectra of MAug (M = Ti, V, Cr) at 193nm with 
numerous well-resolved features. The spectra for all three species are very similar and 
all have nearly identical electron binding energies. The spectra can be divided into two 
spectral regions: region I displays the only differences among the three species: more 
transitions are observed from M = Ti V Cr. Remarkably, region II is almost iden- 
tical in all three species. These observations suggest that the spectral features in region I 
are from detachment of dopant-dominated orbitals, whereas region II is from the Aug 
motif of the bimetallic clusters. The similarity of the PES spectra of the three MAug 
species implies that these bimetallic clusters must have the same geometrical structure. 
The observation of the clear separation between spectral features of the dopant and the 
Aug motif in the MAug bimetallic clusters suggests a unique chemical interaction 
between the dopant and the host. The inset of Fig. 14A displays the 355 nm spectrum of 
TiAug, which was vibrationally resolved with a frequency of 160+20cm~'. The 
observation of a single short vibrational progression suggested that there is very little 
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Figure 14: Photoelectron spectra of MAug (M = Ti, V, Cr) at 193nm. The inset in (A) shows the 355nm 
spectrum of TiAug with a vibrational progression. Reproduced from Ref. [23]. 


geometrical change between the ground states of TiAug and TiAug and that they both 
have very high symmetry. Quantum calculations were performed to identify the most 
stable structures of MAug and MAug and to obtain insight into the nature of bonding 
between the transition metal guest and the nonmagnetic host. Among the numerous 
possible structural isomers, two types of structures are important (Fig. 15). First, since 
small gold clusters have been shown to be planar, various 2D structures were con- 
sidered. Second, 3D structures with six Au atoms surrounding a central impurity atom 
analogous to the icosahedral Mio Au: and Mio Au: clusters [24, 25] were considered. 

The most stable structure for MAug and MAug is the 2D structure, an Aug ring 
with a central transition metal atom (Fig. 15A). The high-symmetry 3D octahedral 
arrangement is not a stable structure and geometry optimization led to a distorted 
isomer (Fig. 15B), which is much higher in energy than the 2D ring structure. It should 
be noted that all the ground-state 2D structures of MAug have high spins, whereas the 
3D structures tend to have low spins (Fig. 15). The doublet TiAug and quartet CrAug 
form perfectly symmetrical Den structures. However, due to the Jahn-Teller effect, the 
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TigAug 0.00, Den (PA4g) TiAug 1.02, C, (7A) 
V@Au,g 0.00, D, Ag) VAug 1.55, Ca, (A4) 
Cr&Aug 0.00, Dg, (^A49) CrAug 2.23, C, (2A) 


Figure 15: Optimized structures for MAug (M = Ti, V, Cr) using DFT at the PW91-SDD level. Relative 
energies are given in eV. Reproduced from Ref. [23]. 


triplet VAug has a very slight in-plane distortion to a lower symmetry D», structure 
with very minor bond length changes. Although the most stable isomer for neutral 
MAu, is also the Aug ring with the dopant at the center, for TiAug the 2D structure is 
only more stable than the 3D one by 0.15eV. However, for VAug and CrAug the 2D 
structure is overwhelmingly favored (0.75 and 2.72 eV in favor of the 2D structure for 
VAu, and CrAu,, respectively). The neutral ground-state structures all have margin- 
ally distorted geometries from the perfect Dc, molecular wheels. Due to the very flat 
potential energy surfaces, these distortions have negligible effect on the energies from 
the corresponding planar forms, consistent with the sharp ground-state PES transi- 
tions. More interestingly, all the neutral structures were found to prefer higher spin 
multiplicities (S = 3, 4, and 5 for TiAus, VAug, and CrAu,, respectively) compared to 
the corresponding anions. All the computed detachment energies agree very well with 
the experimental results (Table 3). The calculated vibration frequency for the totally 
symmetric mode for the ground state of TiAug is 137 cm `. which also compares well 
to the observed value (160--20cm ). The closeness of the calculated ADEs and 
VDEs for each species is consistent with the negligible geometry change between the 
anion and neutral ground-state structures. 

Figure 16 displays a schematic molecular orbital (MO) correlation diagram for the 
three 2D MAug clusters and their valence orbital pictures, which provide insight into 
the observed spectral features and the nature of bonding between the dopant and the 
Aug ring. The energy levels for all these clusters separate into two distinct regions with 
a considerable energy gap. The frontier orbitals consist of almost pure d orbitals from 
the central dopant, whereas all the occupied levels derived from the Aug ring lie 


Table 3: Experimental ADEs and VDEs of MAug (M = Ti, V, Cr) compared with those calculated for the 
lowest-energy isomers (Ref. [23]) (all energies are in eV). 














Species ADE VDE 

Experimental Theoretical Experimental Theoretical 
TiAug 3.32 +0.02 3.28 3.32 +0.02 3.29 
VAug 3.23+0.02 3.20 3.25+0.02 3.23 


CrAug 3.23 +0.02 3.20 3.25+0.02 3.23 
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Figure 16: Molecular orbitals (MOs) and MO energy level diagrams for MAug (M = Ti, V, and Cr). Mainly 
M 3d orbitals (denoted by discrete lines) are well separated from the Au-derived orbitals (represented by 
boxes). Reproduced from Ref. [23]. 


significantly deeper. These orbital level schemes are in exact agreement with the PES 
spectra (Fig. 14). The bonding interactions between the dopant and the Aug ring come 
by symmetry from the overlaps between the in-plane d,, and da o orbitals with the 
antibonding 6s orbitals of the Aug ring. The first detachment channel, common for all 
three MAug clusters, is the removal of the d,, p electron. This explains why the first 
ADEs for all three MAug clusters are remarkably similar and also explains the ob- 
servation of the single vibrational progression in the 355nm spectrum of TiAug 
(Fig. 14) due to the ring breathing mode. As the dopant changes from Ti to Cr, the 
extra d electrons fill the nonbonding, atomic-like d orbitals, whose binding energies 
gradually increase. Consequently, extra detachment bands appear to fill the gap be- 
tween the two main regions in the PES spectra of VAug and CrAug (Fig. 14). 

Thus, the bonding in the MAug bimetallic clusters can be viewed as an Aug ring 
interacting with an M7, which possesses the d^, d, and d" valence configuration for 
M = Ti, V, and Cr, respectively De, the 4s electrons are promoted to the 3d orbitals). 
Four of these electrons (two o and two p) are involved in the bonding between M and 
Aug, leaving one, two, and three unpaired spins in the MAug anions for M = Ti, V, 
and Cr, respectively. In the neutral cluster, one of the bonding electrons (d,,ß) is 
detached, resulting in two, three, and four unpaired spins in MAug for M — Ti, V, and 
Cr, respectively. These unpaired spins occupy atomic-like d orbitals and the number of 
spins corresponds exactly to the number of unpaired d electrons in the atoms (except 
for Cr, which has a d’s' ground-state configuration). Thus, the MAug bimetallic 
clusters possess atomic-like magnetism, carrying magnetic moments of 2, 3, and Aus 
for M — Ti, V, and Cr, respectively. Although there is considerable chemical bonding 
between the impurity atom and the Aug ring, the atomic magnetism is maintained in 
the bimetallic clusters. 
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4.3. Icosahedral gold cage clusters: M@Au,2 (M = W, Mo) and M@Auj2 (M = V, Nb, 
Ta) 

Despite the fact that the bare 13-atom gold cluster anion has been shown not to 
possess a high-symmetry icosahedral structure [33], Pyykkó and Runeberg [63] re- 
cently predicted a series of highly stable gold clusters containing an icosahedral Au; 
cage and a central heteroatom, Mio Au: (M = Ta, W, Re^), which is valent iso- 
electronic to the known J, Au): cage [10]. These remarkable M@Au > clusters were 
shown to attain their stabilities from the strong relativistic effects, the aurophilic 
attraction, and the perfect 18-electron counting. Shortly after, we reported the first 
experimental observation and characterization of a series of icosahedral cage clusters, 
Mio Au: (M = W, Mo) and MgAuj» (M = V, Nb, Ta) [24, 25]. 

Figure 17 (left column) shows the PES spectra of MoAuj, and WAuj> at two 
photon energies (193 and 532 nm). The spectra of the two species are nearly identical, 
each with a sharp and weak peak (X) around 2 eV, followed by a large energy gap and 
a high density of electronic transitions at higher binding energies. The threshold peak 
X was very sharp, as shown by the 532 nm spectra, which has a width of ~36 meV 
(FWHM), very close to the instrumental resolution. The sharp threshold peak suggests 
that there is little geometry change between the MAuj anion and its corresponding 
neutral ground state. The threshold peak defined an EA of 2.17+0.02eV for MoAu; 
and 2.08+0.02eV for WAuj>. The energy difference between the X and A features 
yielded an energy gap of 1.48eV for MoAuj> and 1.68eV for WAuj». This large 
energy gap is consistent with the previous prediction [63] of a large HOMO-LUMO 
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Figure 17: (Left column) Photoelectron spectra of MoAujz and WAuj> at 532 and 193nm. Reproduced 
from Ref. [24]. (Right column) Photoelectron spectra of MAujz (M = V, Nb, Ta) at 266 and 193nm. 
Reproduced from Ref. [25]. 
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Table 4: Observed ADEs and VDEs in eV from anion photoelectron spectra of MAuj; (M = V, Nb, Ta) 
(Ref. [25]). 











Species ADE*? VDE? 

X A B C D E 
VAup 3.70 (3) 3.79 (2) 5.08 (4) 5.39 (3) 5.63 (3) 5.77 (3) 6.21 (3) 
NbAujp 3.77 (3) 3.88 (2) 5.14 (4) 5.48 (3) 5.71 (3) 5.82 (3) ~6.28 
TaAup 3.76 (3) 3.90 (2) 5.19 (4) 5.53 (3) 5.76 (3) 5.87 (3) 6.25 


“The numbers in parentheses represent the experimental uncertainties in the last digit. 
>The ADE of an anion also represents the EA of the corresponding neutral species. 


gap for Wiot Au: The similarity of the spectra of MoAu;» and WAug» indicates that 
they have the same electronic and geometrical structures. 

The PES spectra of MAuj» (M = V, Nb, Ta) at 193 and 266 nm are shown in Fig. 17 
(right column). Extremely high electron binding energies were observed for these three 
species. The 266 nm spectrum of VAuj revealed one intense band (labeled X) with a 
VDE of 3.79 eV. A similar intense peak was also observed for NbAuj> and TaAu]> at 
slightly higher VDEs (Table 4). The 193 nm spectrum of VAuj> revealed numerous 
bands at higher binding energies (labeled as A-E), which are well separated from the 
ground-state transition (X). The A band at a VDE of 5.08eV represents the first 
excited state of neutral VAu;; and the other features correspond to higher excited 
states. Similar higher binding energy features were also observed for NbAuj and 
TaAujo. In fact, all the observed PES features for the three systems have a one-to-one 
correspondence to each other and they also have very similar VDEs, as given in 
Table 4. The ground-state ADEs, i.e., the EAs for MAu (M = V, Nb, and Ta), were 
measured to be 3.70, 3.77, and 3.76eV, respectively, all higher than those of the 
halogens. 

One of the most important questions we want to address here is to confirm the lowest- 
energy structures of the MAu;; (M = W, Mo) and MAup (M = V, Nb, Ta) clusters. 
While exohedral structures are obviously less stable, the endohedral structures can 
adopt several different geometries, including those with /,, Op, and Da symmetries, as 
shown in Fig. 18. The computational results for Mi Au: (M = Mo, W) and Mio Aur: 
(M = V, Nb, Ta) are summarized in Tables 5 and 6, respectively. 





Figure 18: Optimized geometric structures of M@Auj2 (M = Mo, W) and Mio Au (M = V, Nb, Ta). 
(a) Ij, (b) On, and (c) Ds,. Reproduced from Refs. [24, 25]. 
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Table 5: Relative energies (kJ/mol), EAs (eV), and bond lengths (pm) of Mo@Au,, and Wio Au: 
(Ref. [24]). 








Species Symmetry State Energy EA R(M-Au) R(Au-Au) 
Moo Au: I, "Aig 0.0 2.25 275.7 x 12 289.8 x 30 

On "Aig 0.3 2.32 280.6 x 12 280.6 x 24 

Ds, TAY 18.4 2.48 279.5 x 10, 283.2 x 2 286.3 x 10, 283.9 x 10, 274.3 x 5 
Wir Aus I, "Als 0.0 2.02 275.5 x 12 289.7 x 30 

On "Aig 9.8 2.11 280.6 x 12 280.6 x 24 

Ds, TAY 20.4 2.26 279.4 x 10, 283.0 x 2 286.4 x 10, 284.2 x 10, 273.3 x 5 





For M@Auj2 (M = Mo, W), even though the calculations for the 7; cluster were 
performed in its Ds; subgroup, the geometry optimizations still led to the J, structure, 
confirming the finding of Pyykkó and Runeberg [63]. Additionally, two low-lying 
isomers with O, and Ds, symmetries were found. The O, isomer is very close in energy 
with the J, ground state, whereas the Ds, isomer is considerably higher in energy. The 
computed EAs are 2.25 and 2.02eV for I, Mo@Auj, and Wiot Aus, respectively, in 
excellent agreement with the experimental values. The calculated EA for the O, isomer 
of MoAu; is 2.32eV, 0.15eV higher than the experimental value. However, the cal- 
culated EA for the O, isomer of WAu;> (2.11 eV) is too close to the experimental value 
to be distinguished from the J, isomer. However, the computed PES pattern for 
Mi Au: (M = Mo, W) (not shown) indicates that the observed species were the J, 
clusters, whereas the observed weak features (X') may contain contribution from the 
O, isomers. 

For Mi Aur: (M = V, Nb, Ta), all-electron DFT calculations were performed with 
different endohedral structures to search for the global minima (Fig. 18). It was found 
that the icosahedral structures are always favored even without symmetry restrictions 
during the geometry optimizations, with the energies of the O, and Ds, structures 
being higher (Table 6). With the increase in the central atom size, the energy difference 
between the O, and the J), structures tends to diminish, consistent with the enhanced 
M-Au interaction in the O, structure. However, this trend is clearly offset by the 
increased relativistic and aurophilic effects, which favor the J, structure with its 


Table 6: PW91 total energies and relative energies of M@Auj> (M = V, Nb, Ta) anions calculated using 
ADF with all-electron TZ2P basis sets (Ref. [25])*®. 


Species Symmetry Etot(SR) AE(SR) Eat SO) AE(SO) 





V@Aup I, —39.8091 0.00 —10564.3068 0.00 
On —39.5963 20.53 —10563.9801 31.52 
Ds, —39.4019 39.29 —10563.8084 48.09 
Nb@Aup In —42.3900 0.00 —10575.2088 0.00 
On —42.3427 4.56 —10575.0822 12.21 
Dsn —42.2422 14.25 —10574.9830 21.78 
Ta@Aup I, —42.0502 0.00 —11084.5739 0.00 
On —41.9281 11.78 —11084.3948 17.28 
Dsn —41.8724 17.16 —11084.3335 23.19 





“The scalar-relativistic (SR) and spin-orbit (SO) coupling calculations were both performed with ZORA approximation. 
>The total energies (in eV) are relative to the restricted atomic fragments, and the relative energies (in kJ/mol) are those 
relative to the respective total energies of the icosahedral structure (7). 
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favorable Au-Au interactions. Interestingly, the spin-orbit coupling effects tend to 
stabilize the J, structure relative to the O, and Ds, structures. The calculated ADEs 
and VDEs agree well with the experiment, in particular for those of J, Nb@Auj> and 
Ta@Auj>. The calculated values for I, V@Aujp are slightly lower than the exper- 
imental data. 

It is instructive to compare the PES spectra of M(gAuj» (M = V, Nb, Ta) with those 
of M@Auj>2 (M = Mo, W) and Aup. The similarities and differences between the 
spectra of the M = Mo, W species and the M = V, Nb, Ta species can be immediately 
revealed: except for the very low binding energy band at —2.1 eV for the M = Mo, W 
species (Fig. 17), its higher binding energy features show obvious similarity to those of 
the M — V, Nb, Ta species. The M — V, Nb, Ta anions and the M — Mo, W neutrals 
are valent isoelectronic, both are closed-shell with 18 valence electrons. The low 
binding energy band in the M — Mo, W species is due to the extra electron that 
occupies its neutral LUMO. The similarity of the higher binding energy part of all 
M@Aujp (M = V, Nb, Ta, Mo, W) species suggests that they have similar MO energy 
levels, i.e., similar symmetry and geometrical structures. On the other hand, the spec- 
trum of Aur: (Fig. 2) is much more complicated with many more features, which 
display no resemblance to either the spectra of the M — V, Nb, Ta species or the 
M = Mo, W species. Ion mobility experiment [33] has ruled out either a planar or an J, 
structure for Auj3, which is likely to have a low-symmetry 3D structure, commen- 
surate with its complicated PES spectrum. 

As an example, Fig. 19 displays an energy-level correlation diagram for the atomic 
orbitals of W and Au and the MOs of J, Wio Au,» and its Au,» fragment. Since the Au 
6s orbitals span aj t tiu + hg + t», ligand group orbitals, the major orbital interactions 
in W@Auj» occur between the W 5d and Au: ligand group orbitals, yielding the 
bonding 4, HOMO and antibonding h, LUMO, which is consistent with the slight 
expansion of the Auj> cage upon electron addition in the anion. The HOMO is 
composed mainly of Au 6s and 5d (77% Au and 23% W), whereas the LUMO is 
composed primarily of W 5d orbitals. Due to relativistic effects, the Au 6s and 5d 
orbitals are stabilized and destabilized by 1.60 and 1.17 eV, respectively, resulting in 
strong 6s-5d hybridization in the Wiot Au: molecule. Spin-orbit coupling splits the 
Au 5d orbitals into 5d5/? and 5ds, spinors by 1.24 eV, which cause the split of the Sd 
bands into two separated 5d5,» and 5d5;2 bands. Moreover, the 6s;/5-5d5,; energy gap 
(0.75eV) is much smaller than the scalar relativistic 6s-5d gap (1.22eV), again fa- 
voring strong 6s-5d hybridization. The spin-orbit splitting of the A, HOMO is only 
0.04 eV, while that of the LUMO is as large as 0.43 eV, in agreement with the atomic 
spin-orbit splitting of W 5d orbital (0.56 eV). 

Heretofore we have confirmed and characterized two of the three Mio Au: 
(M = Ta, W, Re“) cage clusters originally predicted by Pyykkö and Runeberg [63]. 
Furthermore, we have extended this family of clusters to include 4d and 3d hetero- 
atoms, thus demonstrating that the Au: cage is highly flexible to accommodate a 
central heteroatom. As commented by Schwerdtfeger [64], the discovery of the series 
icosahedral gold cage clusters demonstrated the potential of fine-tuning electronic 
properties of gold with the central “impurity” atom. For example, while the Mi Au: 
(M = Mo, W) species are stable closed-shell molecules with large HOMO-LUMO 
gaps and should be chemically inert, the Mi Au (M = V, Nb, Ta) species — by 
simply switching the heteroatom from group VIB to group VB — possess remarkably 
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Figure 19: Energy-level correlation diagrams of W, Au, Auj2, and J, W (à) Aus, All energies are calculated at 
the scalar-relativistic level, except for AuN®, which is calculated at the nonrelativistic level. The HOMO and 
LUMO of I, W@Auj2 are h, and h}, respectively. Reproduced from Ref. [24]. 


high electron affinities (>3.7eV) and should clearly be classified as superhalogen mole- 
cules [65], because their EAs are higher than those of halogens. Interestingly, the 12 Au 
atoms forming the icosahedral cage appear to be rather fluxional [66] despite the high 
stabilities of the 7, M@Au,. (M = Mo, W) and M(gAuj; (M = V, Nb, Ta) cage 
clusters, as evidenced by the closely-lying O, and Ds, structures (only for VAuj the J, 
cage structure is significantly more stable than either the O, or the Ds; structure). The 
On, isomer involves a slight rearrangement of the 12 Au atoms on the cage, whereas 
the Ds, structure involves a rotation of a hemisphere of the J, Au: cage against each 
other. The corresponding h, vibrational mode for Wio Au: is predicted to have a very 
low frequency around 30 cm | [66]. The frequencies for the corresponding vibrational 
modes in M@Auj> (M = V, Nb, Ta) were calculated to be 37, 27, and 27cm !, 
respectively [25]. 


5. GOLD AS HYDROGEN IN Si-Au AND B-Au CLUSTERS 


The strong relativistic effects in gold result in its unique physical chemistry, which 
differs substantially from the lighter coinage metals. The relativistic stabilization of Au 
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6s orbital gives rise to its anomalously high EA, which is comparable to the halogens. 
The gold-halogen analogy was extensively demonstrated in an entire class of auride 
(Au ) compounds [6b]. A prototypical example is the ionic cesium auride compound 
(Cs * Au^), analogous to Cs* CI”. Recently, tetraaurides MAu4 (M = Ti, Zr, Th) were 
also predicted [67], in which the Au atoms were compared to the halogens. The most 
remarkable chemistry of gold is the isolobal analogy between a gold phosphine unit 
AuPR; and a hydrogen atom, which has been exploited to bring out tetra- and hyper- 
coordination in compounds such as [C(AuPR3)4] and [C(AuPR;);]° [10, 68]. How- 
ever, the analogy between a single gold atom and a hydrogen atom in gold complexes 
was not discovered until our own recent works [26—28]. 


5.1. SiAu;: aurosilane 

During experiments aimed at understanding the electronic structure of Si-Au binary 
clusters, we observed an extremely large energy gap in the PES spectra of SiAu;, as 
shown in Fig. 20 [26]. This result suggested that SiAu, is a highly stable neutral 
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Figure 20: Photoelectron spectra of SiAuz (a and b), SiAuz (c and d), and SiAu; (e and f) at 193 nm (left) 
and 266 nm (right). The inset in (f) shows the spectrum of SiAu4 taken at 532 nm. Reproduced from Ref. [26]. 
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molecule with a large HOMO-LUMO gap (2.36 eV as measured by the binding energy 
difference between the X and A bands). The inset of Fig. 20f shows a high-resolution 
spectrum of the X band of SiAu; at 532 nm, revealing a partially resolved vibrational 
progression with an average spacing of 140+30 cm, which indicated that both SiAu, 
and SiAuz must be highly symmetric and there is little geometry change between them. 

The Si-Au clusters were further studied computationally at DFT and CCSD(T) 
levels. The two lowest-energy structures for SiAu, and SiAu, (n = 2-4) are given in 
Fig. 21, along with their geometrical parameters. At all levels of theory, the most 
stable SiAuz structure has C>, symmetry with a doublet ?B, state (Fig. 21a). A quasi- 
linear C, isomer (Fig. 21b) is much higher in energy. The most stable neutral SiAu; is 
'A, of Cy, symmetry with a very similar structure as the anion. The most stable 
structure of SiAuz has C3, symmetry (Fig. 21c). The second-lowest isomer (Fig. 21d) is 
0.78eV higher in energy. The Dan isomer, which is a transition state (a first-order 
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Figure 21: Optimized structures at B3LYP level for the two low-lying isomers of SiAu, and SiAu,. All bond 
lengths are given in A and angles in degrees. The relative energies are in eV for the higher energy isomer. The 
values and the symmetry labels given in the parentheses correspond to the neutral structures. Reproduced 
from Ref. [26]. 
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saddle point) for the umbrella inversion of the C3, SiAu3, is 0.96 eV higher in energy. 
The ground state of SiAuz has the same C3, symmetry as the anion, but there is a large 
geometry change upon electron detachment. The Si-Au bond length is decreased by 
0.07 A and the / SiAuSi bond angle increased considerably by 18° in SiAu; relative to 
SiAus (Fig. 21c). For SiAu;, several isomers were calculated and the most stable 
structure is tetrahedral (Fig. 21e) with a pyramidal low-lying isomer (Fig. 21f) at both 
the DFT and CCSD(T) levels of theory. Neutral SiAu, is found to be a closed-shell 
singlet also with Ty symmetry and there is only a slight shortening of the Si-Au bond 
length (by 0.05 A) compared to the anion. The relative energy difference between the 
two isomers is 0.47 eV for the neutral and 0.66 eV for the anion at the DFT level, and 
0.39 eV for the neutral and 1.13eV for the anion at the CCSD(T) level. Clearly, at the 
CCSD(T) level, the tetrahedral SiAuz is much more stable than the pyramidal isomer. 

The geometry changes between the ground states of SiAu, and SiAu, (Fig. 21) are 
consistent with the nature of the first PES band (X, Fig. 20). The sharp threshold 
peaks in SiAu; and SiAu; and the broad band in SiAu3 were all born out in the 
calculated structural changes from the anions to the neutrals. The ADEs and VDEs 
were further calculated for the ground-state structures of SiAu, at both DFT and 
CCSD(T) levels of theory (Table 7). At the CCSD(T) level, the ADE of SiAu; and the 
VDEs of SiAuz and SiAu; are in quantitative agreement with the experimental val- 
ues. The calculated ADE for SiAuz (2.93 eV) is much smaller than the experimentally 
estimated threshold value (3.22eV). This difference is due to the large geometry 
change between the ground states of SiAuz and SiAuz such that there is negligible 
Franck-Condon factor for the 0—0 transition. In this case, the detachment threshold 
estimated from the PES spectra can only be viewed as an upper limit for the true ADE. 
For SiAu;, the calculated VDE and ADE at both DFT and CCSD(T) agree well with 
the experimental values, but are off by about 0.16 eV in different directions at the two 
levels of theory. The vibrational frequencies were also calculated for SiAu,; at the 
B3LYP level and an unscaled value of 127 cm™' was obtained for the totally symmetric 
mode, in excellent agreement with the experimental value of 140+30cm7’. The sim- 
ulated PES spectra (not shown) are also in excellent agreement with the experimental 
data, thus firmly confirming the ground-state structures for the SiAu, and SiAu, 
(n — 2-4) clusters. 


Table 7: Experimental ADEs and VDEs of SiAu, (n = 2-4) compared to those calculated from the lowest- 
energy isomers (Ref. [26]) (all energies are in eV). 

















Species Feature Experimental DFT (CCSD(T))* 
ADE VDE ADE VDE 
SiAuz X 1.68 +0.03 1.72+0.03 1.77 (1.67) 1.81 (1.71) 
A 3.48 +0.05 3.19 
SiAuz X 3.22 +0.03° 3.48 +0.02 2.74 (2.93) 3.22 (3.46) 
A 3.67+0.06 3.66 
SiAug X 1.96 +0.02 2.00+0.01 2.08 (1.79) 2.15 (1.84) 
A 4.36+0.02 4.23 





^DFT calculations using hybrid B3LYP functional and CCSD(T) values are given in parentheses. Aug-cc-pVTZ basis set 
for Si and stutgaurd-19-electron effective core potentials augmented with two f (0.498 and 1.461) polarization functions 
were used for both R(U)B3LYP and R(U)CCSD(T) calculations. 

Estimated detachment threshold. 
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Figure 22: Comparison of the relevant frontier MOs between SiH, (top panel) and SiAu, (bottom panel). (a) 
LUMO (bi) of SiH», (b) HOMO (a;) of SiH», (c) LUMO (bi) of SiAug, (d) HOMO (a1) of SiAus, (e) HOMO 
(aj) of SiH3, (f) HOMO (a) of SiAu;, (g) LUMO (a,) of SiH,, (h) LUMO (a,) of SiAu,, (i) one of the three 
Si-H bonding orbitals of SiH, (t2), and (j) one of the three Si-Au bonding orbitals of SiAuz (t2). Reproduced 
from Ref. [26]. 


We note that the structures of the SiAu, clusters are nearly identical to the silicon 
hydride (SiH,,) molecules. The geometry changes between the SiAu, anions and the 
SiAu, neutrals also exactly parallel those between SiH, and SiH,, that is, very little 
geometry change exists between SiH5 and SiH>, and between SiH4 and SiH,, whereas 
a large bond angle change occurs between SiH3 and SiH3. To further understand the 
chemical bonding in the Si-Au clusters, the MOs of SiAu, were analyzed and com- 
pared to those of the SiH,, counterparts (Fig. 22). Except for the s-d hybridization in 
Au, the valence MOs that involve the Si-Au bonding in SiAu, (n — 2-4) are nearly 
identical to those of the corresponding SiH, species. Like silylene, the HOMO of 
SiAu, (aurosilylene) is mainly an Si lone-pair and LUMO is a pure silicon p orbital. 
The HOMO of both SiAuz and SiH; is an Si lone-pair, which is one of the Si sp? 
hybrid MOs. Removal of an electron from this MO produces the doublet ground state 
for both SiAu; and SiH; and significantly flattens the neutral molecules in both cases. 
Similarly, the silane counterpart, SiAu,, brings out sp? hybridization in silicon, anal- 
ogous to that in SiH4. The LUMO and the four Si-Au bonding orbitals are very 
similar to those in SiH4. Charge analysis by using the natural-bond-orbital theory 
revealed that the interaction between Si and Au in all SiAu, species is covalent with 
negligible charge transfer. Thus, a complete isolobal analogy is observed between 
Au and H in the SiAu, series of molecules. This analogy is further supported by 
the similar electronegativity of gold (2.5) and hydrogen (2.1). Lastly, the calculated 
single Si-Au bond energies (at CCSD(T) level) in SiAu, (67.1 kcal/mol), SiAu; 
(60.6 kcal/mol), and SiAu, (62.7 kcal/mol) are amazingly similar to those in the cor- 
responding Si-H molecules, SiH, (75.2 kcal/mol), SiH; (74.4 kcal/mol), and SiH, 
(79.6 kcal/mol). These relatively high atomization energies and the strong Si-Au bonds 
reflect both the covalent nature of the Si-Au bonds and the high stability of the SiAu,, 
silicon auride molecules. 
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Au and Si do not form any stable alloys, but the Au-Si interfaces have been studied 
extensively owing to their importance in microelectronics. It has been shown that 
despite that Au is a very stable and unreactive noble metal, it is very reactive on Si 
surfaces even at room temperature [69]. Several metastable Si-Au alloys, including an 
SiAu, phase, have been observed to form in the Si-Au interfaces [70]. However, the 
nature of the chemical interactions between Au and Si in the Si-Au interfaces is still 
not well understood [71]. The current finding of the Au/H analogy, the strong Si-Au 
covalent bonding, and the highly stable gaseous silicon auride species are consistent 
with the high reactivity of Au on Si surfaces and should provide further insight into 
the nature of the chemical interactions in the Si-Au interfaces. 


5.2. Structures and bonding in SizAu, and Si,Au,, (n = 2 and 4) and comparisons to 
Si2H2 and Si2H4 

To test the generality of the Au/H analogy in Si-Au alloy clusters, we further pro- 
duced disilicon-Au clusters, SiAu, (n = 2 and 4), and investigated their structure and 
bonding [27]. The photoelectron spectra of SipAu, (n = 2 and 4), as shown in Fig. 23, 
revealed a HOMO-LUMO gap (the X-A separation) for both species: 0.8eV for 
SipAu, and 0.6eV for SiAu,, suggesting that both neutral species should be closed- 
shell systems. The feature next to the first triplet 4 band, labeled as A', in both spectra 
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Figure 23: Photoelectron spectra of SizAuz (left column) and Sis,Auz (right column) at 355, 266, and 
193 nm. Reproduced from Ref. [27]. 
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is most likely due to detachment transition to the lowest singlet excited state of the 
neutral species, judging by their relatively lower intensity compared to that of the 
A band. The A-A’ separation thus represents the singlet-triplet splitting from 
detachment of the filled HOMO orbital of the neutral species. The A—A’ separation 
(70.17 eV) is identical for both species. This is a relatively small value, suggesting that 
the HOMO of Si Au; and Si5Au, should be primarily Si-based orbitals. 

The PES data of Si Auz (Fig. 23, left column) revealed that the next major peak 
(B) is around 4eV, with two relatively weak bands (labeled J) between the A and B 
bands. Except for an intense band around 5.2eV, the spectral features beyond 4.5eV 
had poor signal-to-noise ratios and were not well defined. Photodetachment from Au 
5d-derived MOs occurs in the higher binding energy region [18], consistent with the 
more congested spectral features. The peaks labeled I were mainly due to contam- 
ination of SigAu” as a result of a near-mass degeneracy between seven Si atoms (major 
isotopmers at mass 196, 197, 198, etc.) and one Au atom (mass 197). The extremely 
weak features (labeled x’ and x") were not related to those features labeled 7, which 
were due to potential minor isomers as born out in the theoretical results. 

Beyond band A, the spectra of SiAu; (Fig. 23, right column) are more complicated 
with three intense bands around 4eV (B-D). The higher energy part of the Si,Aug 
spectra is similar to that of SipAuz. Except for an intense band at 5.0eV, this part of 
the spectra is congested and not very well defined, again likely due to photodetachment 
from the Au 5d-derived orbitals. Numerous weak signals (labeled 7) were tentatively 
assigned to be from SigAu; contamination, similar to the SigAu ^ contamination in the 
Si,Auz spectra. 

Optimized ground-state and low-lying geometries for SipAuz, SipAuz, and their 
neutrals are shown in Fig. 24. At both B3LYP and CCSD(T) levels, the most stable 
isomer for SizAuz is the dibridged structure (1). Note that the nonbonding Au^ Au 
distance, 4.04 A at the B3LYP level and 3.93 A at the CCSD(T) level, indicates weak 
aurophilic interaction [7]. The second isomer, the trans-monobridged structure (2), is 
nearly isoenergetic (0.01 eV) to the ground state at the B3LYP level. However, the 
relative energy difference is marginally increased in favor of 1 by 0.14eV at the 
CCSD(T) level. Closely following in energy is the cis-monobridged isomer (3), which is 
only 0.15eV higher in energy than 1 at B3LYP. The nonbonding Au--- Au distance in 
the cis-isomer falls within the range of aurophilic interaction [7]. As expected, the 
Au---Au distance at the CCSD(T) level (3.10 À) is much shorter than the corre- 
sponding value (3.64 A) at the B3LYP level. Consequently, the trans—cis relative 
energy difference was also reduced: 0.06 eV at the CCSD(T) level compared to 0.14 eV 
at the B3LYP level. Nevertheless, B3LYP correctly predicts the relative energy or- 
dering of the isomers and differs quantitatively by 0.1—0.2eV from the coupled-cluster 
method. Finally, the auro-disilavinylidene (4) with classical bonding features is also a 
stable isomer higher in energy only by 0.19eV than the dibridged global minimum at 
B3LYP. It is interesting to note that for SiH5 the relative energy ordering between 
structures 1 and 4 is exactly in reverse order, i.e., the disilavinylidene is more stable 
than the dibridged isomer [72f]. This indicates that gold has more propensity to form 
bridges compared to hydrogen. 

Unlike Si5Au;, only two minima (5 and 6, Fig. 24) could be located on the neutral 
SipAu, potential energy surface. Several other isomers were tested and they were either 
high-order stationary points or collapsed to one of the two minima. The dibridged 
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Figure 24: Optimized geometries for Si5Au; (1-4), SiAu» (5-7), SizAuz (8-13), and SizAuy (14-19) at B3LYP and CCSD(T) (in parentheses) levels. Bond lengths 
are in A, and the numbers in bold are energies in eV relative to the corresponding ground state. Reproduced from Ref. [27]. 
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isomer (5) is the global minimum for Si?Au;, similar to that for the SipAuz anion, 
except that the folding angle is significantly reduced in the neutral from 124.3? to 95.4° 
(at B3LYP) and from 125.3° to 92.9° (at CCSD(T)). Similar but less dramatic changes 
in the folding angle have been observed for the SH: systems [72f]. Removal of the 
negative charge enhances folding of the unit and brings gold atoms closer to within the 
range of significant aurophilic interaction. The only other stable isomer for SiAu» is 
the monobridged structure (6), which is higher in energy by 0.35 (0.45) eV at B3LYP 
(CCSD(T)). Unlike the anion, there are no cis- and trans-isomers for neutral Si,Aup. 
Upon geometry optimization, both structures collapse to the single monobridged 
structure, in which the Si-Si-Aucgse angle is nearly linear (171.8? at B3LYP). The 
neutral auro-disilavinylidene (7) is a transition state with a barrier height of 0.58 (0.67) 
eV at B3LYP (CCSD(T)) for the scrambling of the gold atoms from the bridge to the 
edge position, resulting in the single monobridged isomer 6. 

The SizAuzg and Si;Au, stoichiometry corresponds to that of ethylene. However, it 
is well known that the corresponding silicon hydride, Si3H4, does not possess the 
classical ethylene structure [72]. Here it will be shown that Si,Au, and its anions also 
do not assume the conventional structures. These species have much richer potential 
energy surfaces compared to the carbon analogues. Many possible isomers (8-13, 
Fig. 24) were considered in order to locate the lowest-energy structure for SiAu;. 
Most of these structures have direct resemblance to the silicon-hydrogen counterparts 
[72f, 72g]. However, some of the structures have more “‘cluster-like” geometries. The 
most stable isomer is the trans-dibridged structure (8), and the cis-isomer (9) is almost 
degenerate with the trans-isomer. These two structures can be constructed by adding 
two gold atoms to the opposite (trans-) or the same side (cis-) of the most stable isomer 
of SiAu; (1) with one major change, that is, there is no Si-Si bonding in 8 and 9. 
Instead, the relatively short Aup;igge::: AUpridge distances, 3.17 A (8) and 3.15 A (9), 
indicate stronger Au-Au interactions across the four-membered ring. 

The trans-bent auro-disilene (10), which is the global minimum for S1; H,4 [72g], is 
only 0.14eV higher in energy than 8. The planar, D», ethylene analogue (12) is a 
transition state (1151.7 cm!) with a barrier height of 0.31 eV, connecting the flipping 
motion of the silicon atoms in disilene to the global minimum (8). An isomer with a 
cluster-like geometry (11) is also found, in which three Au atoms seem to cluster on 
one side of the structure. This structure is 0.34eV higher in energy than 8 and does 
not have an SiH, counterpart. Another important isomer is auro-silylsilylene (13). 
The corresponding silicon hydride, silylsilylene, is higher in energy than disilene by 
0.28eV and is also a minimum [72f]. However, the current B3LYP result suggests 
that structure 13 lies 0.69eV above the auro-disilene (10) and has one imaginary 
frequency (1113.2 cm!) corresponding to the transfer of a gold atom between the two 
silicon atoms. 

For neutral Si;SAu4 (14-19, Fig. 24), the most stable isomer was found to be a 
monobridged structure (14) without any symmetry. This is a very interesting structure: 
except for the bridging atom, the rest of the atoms are nearly planar. It can be con- 
structed by rearranging an edge gold atom from the disilene (19) to the bridging 
position. There is no anionic state for this structure. Optimization by adding an elec- 
tron to 14 led to the trans-bent disilene structure (10). The neutral counterparts of the 
cis- and trans-dibridged structures became low-lying isomers, C, (15) and Cj (16), with 
reduced symmetries. The neutral trans-bent auro-disilene (17) is 0.36 eV above 14. The 
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planar auro-disilene (19) is 0.67eV higher in energy than the lowest-energy structure 
and is again a transition state (1190.2cm~'). Finally, the cluster-like isomer with C, 
symmetry (18) is 0.32eV above the ground state with enhanced Au-Au interactions. 

Theoretical studies on the potential energy surface of SH: span nearly two decades 
[72]. Most of the studies have focused on two isomers: disilene and silylsilylene. All 
studies agree that disilene is the most stable isomer followed by silylsilylene and the 
trans- and cis-dibridged structures. Recently, using highly correlated ab initio calcu- 
lations and the experimental rotational spectrum from microwave spectroscopy, Sari 
et al. [72g] identified a new monobridged isomer, similar to 14, which is 0.31 eV above 
disilene. No such minimum had been observed at SCF [72h]. Very expensive but highly 
desirable CCSD(T) geometry optimizations were needed to locate the Cı monobridged 
minimum. The SiH; structures were checked using B3LYP with the aug-cc-pVTZ basis 
set, and it was found that the monobridged isomer is a minimum and is 0.28 eV above 
disilene. Like the corresponding Au analogue, there is no anionic state for the mono- 
bridged isomer of So, H4 at B3LYP, which collapses to the disilene upon optimization. 

The potential energy surfaces of the gold and hydrogen analogues of the disilicon 
species are shown to be indeed very similar. However, the relative energy differences 
between the various isomers for SipAu, and Si»Au, (n = 2 and 4) are very closely 
distributed. Detailed comparison of the computational detachment energies with the 
PES data (Fig. 23) allows firm establishment of the ground-state structure 1 for SioAu» 
as the main species (X) being observed experimentally, whereas the trans-isomer (2) and 
cis-isomer (3) are likely weakly populated in the SioAu; beam and are responsible for 
the very weak features x’ and x", respectively. As for Si»Auz, there are at least two 
isomers competing for the ground state: the dibridged trans-isomer (8) and cis-isomer 
(9) are nearly isoenergetic. Based on both the energetics and the simulated PES spectra, 
we cannot rule out isomer 9 and should conclude that both isomers 8 and 9 may exist in 
the cluster beam. The calculated VDEs from the auro-disilene isomer (10) clearly 
disagree with the PES pattern and can be ruled out from the experimental observation. 

The Au/H analogy in disilicon gold clusters can be further understood via MO 
analysis. Bonding in the SizAu, dibridged structure (5) is quite similar to that of 
the corresponding hydride system (Fig. 25a). Basically, there are one Si-Si o-bond, two 
3c-2e (Si-Au-Si) bonds, and two lone-pairs on each of the silicon atoms. This simple 
valance bond picture captures the essential bonding features in 5. There is clearly a one- 
to-one correspondence between the SH: and Si,Au, systems in both their structure 
and bonding. The six bonding MOs for the global minimum monobridged Si,Auy, (14) 
are also compared to those of the monobridged Si»H4 (Fig. 25b), whose bonding can be 
represented as an Si-Si o-bond and an Si-Au(H)-Si 3c-2e bond with three Si-Au(H) 
o-bonds and a lone-pair on one of the silicon atoms. By virtue of the lack of symmetry, 
the corresponding canonical MOs are heavily mixed, but the similarity between their 
MOS is clearly revealed. Analogously, the bonding and MOs in the trans (16)- and cis 
(15)-dibridged isomers and the trans-bent double-bonded system (17) have also been 
analyzed and they are also identical with the corresponding SiH; systems. 


5.3. B;Au; vs. B;H; 
Despite its proximity to carbon in the periodic table and its richness of chemistry 
second only to carbon, pure boron clusters have received surprisingly limited 
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Figure 25: Comparison of bonding MOs of global minimum structures of (a) Si5Au; (5) and (b) S5 Au, (14) 
and the corresponding structures of Biz: and Si2H4, respectively. Reproduced from Ref. [27]. 


experimental attention in the literature over the past couple of decades [73, 74]. A 
major breakthrough has resulted from a series of recent joint experimental and the- 
oretical studies that have established that all the small boron clusters are planar or 
quasi-planar, which can be understood on the basis of m and o aromaticity/antiaro- 
maticity [12c, 13d, 13e, 13f, 75]. Among the small boron clusters, the B; cluster is a 
particularly interesting and complex system, because we observed the presence of three 
quite different isomers in its PES spectra [75e]: (1) a wheel-type quasi-planar doubly 
(c and x) aromatic triplet Cs, CA) global minimum (structure I in Fig. 26), (2) a 
c-aromatic and m-antiaromatic singlet C5, ('A;) isomer with a quasi-planar shape 
(structure II, only 0.7 kcal/mol above the global minimum), and (3) an elongated 
planar doubly (c and x) antiaromatic C>, UA) isomer (structure III, 7.8 kcal/mol 
above the global minimum). Upon addition of two hydrogen atoms to the B; cluster, it 
is found very recently using ab initio calculations that an inversion in stability occurs 
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Figure 26: (a) Low-energy isomers of the B7 cluster at B3LYP/6-311-- G' level (relative energies at 
CCSD(T)/6-311 + G(2df) level are shown in square brackets) (from Ref. [75e]). (b) The global minimum and 
low-lying isomers of B;Hz at B3LYP/6—311 + G' level (from Ref. [76]). 


(Fig. 26b) [76]. The planar B;H; (C>,, ' Aj) isomer (structure IV), formed by the 
addition of two hydrogen atoms to the doubly antiaromatic Cz, (A1) B; isomer III, is 
overwhelmingly favored as the global minimum structure. It is 27 kcal/mol more stable 
than the lowest high-energy isomer V of B;H5, originated from the addition of two 
hydrogen atoms to the global minimum of B;. 

Our recent discovery of Au-H analogy in Au-Si clusters [26, 27] has motivated us to 
conjecture that Au may also form B-Au clusters similar to the corresponding valence 
isoelectronic B-H clusters, because of the similar electronegativity between B (2.0) 
and Si (1.9). If this is true, the B;Au; cluster would behave similarly to B;H5, thus 
yielding a predominantly stable B-Auz cluster similar to the global minimum of B;H5 
(IV in Fig. 26). 
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The PES spectra of B-Auz at 266 and 193 nm photon energies are shown in Fig. 27 
[28], compared with that of B7. Indeed, the PES data of B;Au; are substantially 
simpler and better resolved than that of B7, despite its larger size. Most surprisingly, 
despite the addition of two heavy atoms, the ground-state transition (X) of B-Auz is 
completely vibrationally resolved at 266 nm (Fig. 27a) with two vibrational modes, a 
low-frequency mode of 790 -- 40cm ' and a high-frequency mode of 1380+40cm 1. 
The vibrationally resolved ground-state transition. yielded an accurate EA of 
3.52+0.02eV for B-Au». Interestingly, the EA of B7zAuy is very close to that of 
isomer III for B; (3.44+0.02 eV) corresponding to feature X’ in the spectrum of B; 
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Figure 27: Vibrationally resolved photoelectron spectra of B7Auz at (a) 266nm and (b) 193nm (from 
Ref. [28]). (c) The 193 nm spectrum of B; is also included for comparison (from Ref. [75e]). 
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Table 8: Experimental VDEs of B;Au; from the photoelectron spectra, compared with theoretical 
calculations (Ref. [28]). 








Feature VDE (experimental) (eV)? MO VDE (theoretical) (eV)? 
x 3.52 (2) 3a; 3.46 
A 4.27 (2) 9a, 4.21 
B 4.38 (3) 8a, 4.36 
C 4.90 (2) 7b, 4.92 
D 5.08 (3) 6b» 5.19 
E 5.58 (2) Tay 5.31 
F 5.93 (2) 3b, 5.75 





“Numbers in parentheses represent experimental uncertainties in the last digit. 
ba TD-B3LYP/B/aug-cc-pvTZ/Au/Stuttgart rsc 1997 ecp level of theory. 
"EA of B7Auz: 3.52+0.02 eV. 

4Ground-state vibrational frequencies for the Au;B; neutral are measured to be 790 +40 and 1380 +40 cm!. 


(Fig. 27c). Clearly, only one dominant isomer was present in the B-Auz beam. The 
observed detachment energies for the various detachment channels are summarized in 
Table 8. The observed B7Auy cluster is likely to correspond to the isomer III of B; by 
adding two Au atoms to its two terminal B atoms similar to the ground-state structure 
of B;H5, as we expected. 

To prove our hypothesis and confirm the observed B;Au; structure, quantum 
chemical calculations were performed for a variety of B-Auz structures (XVI-XXI, 
Fig. 28), which were derived from the low-lying structures of B;H5. The geometries 
were initially optimized at the B3LYP/B/cc-pvDZ/Au/LANL2DZ level of theory, and 
it was found that the structure XVI of B;Aus (C>,, ! A4) (Fig. 28), nearly identical to 
the ground state of B-H3, is indeed substantially more stable than the other structures. 
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Figure 28: The global minimum and low-lying isomers of B7Auz at B3LYP/B/cc-pvDZ/AuLANL2DZ level. 
Reproduced from Ref. [28]. 
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The geometry of the B-Auz global minimum structure XVI was then reoptimized at the 
B3LYP/B/aug-cc-pvTZ/Au/Stuttgart rsc 1997 ecp + 2flg (a(f) = 0.448, a(f) = 1.464, 
a(g) — 1.218) level of theory, and it was found that the two levels of theory give nearly 
identical structures. The geometry for the neutral B7Au, cluster was also optimized and 
the obtained ground-state structure is similar to that of the anion. The VDEs from the 
B-Auz global minimum structure were computed using the TD-B3LYP/aug-cc-pvTZ/ 
Au/Stuttgart rsc 1997 ecp--2flg level of theory, and they are compared with the 
experimental data in Table 8. 

The ground-state transition in the spectra of B-Auz (X, Fig. 27) involves electron 
detachment from the 3a,-HOMO, which is a n-bonding/antibonding orbital over 
the B; moiety with some small contributions from the Au 5d orbitals (Fig. 29). The 
calculated VDE of 3.46eV agrees well with the experimental VDE (3.52eV) of 
the X band (Table 8). Because both B;Au; and B-Au; have the same symmetry in 
their ground states, only the totally symmetric modes (aj) can be active in the 
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Figure 29: Molecular orbitals of B-Auz (XVI, Ca, LA at the B3LYP/B/cc-pvDZ/Au/LANL2DZ level. 
MOs are ordered according to the TD-B3LYP/B/aug-cc-pvTZ/Au/Stuttgart rsc 1997 ecp + 2flg level of 
theory. Reproduced from Ref. [28]. 
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photodetachment transition. The C5, B;Au» possesses eight symmetric modes, among 
which the c, (B-B in-plane stretching) and w3 (B-Au stretching) modes with fre- 
quencies of 1358 and 828cm ! are in good agreement with the two observed vibra- 
tional modes (1380+40 and 790 -- 40 cm '). The geometry changes between the anion 
and neutral ground states are very small, consistent with the short vibrational 
progressions observed. The calculated ADE is 3.35eV (B3LYP/aug-cc-pvTZ/Au/ 
Stuttgart_rsc_1997_ecp+2flg), and it agrees well with the experimental value of 
3.52+0.02eV. The next six detachment channels are due to electron removal from 
HOMO-1 to HOMO-6 (Fig. 29), respectively, and the computed VDEs for these 
detachment channels are also in good agreement with the experimental data (Table 8). 

The good agreement between the experimental and theoretical VDEs confirmed the 
theoretical prediction of the global minimum structure XVI for B7Aus, which is the 
same as that of B;H5. Why the structure IV is the most stable for B;H5 has been 
discussed in detail in Ref. [76]. The same applies to B-Auz and can be understood from 
the MO pictures depicted in Fig. 29. Among the 22 occupied valence MOs, 10 can be 
approximately assigned due the Au 5d orbitals (HOMO-8 to HOMO- 16 plus 
HOMO- 18), although a few of the lower-lying orbitals have significant mixing with 
the B; backbone, seven are primarily responsible for the formation of seven 2c-2e 
(two-center two-electron bond) peripheral B-B bonds (HOMO-2, HOMO-4, 
HOMO-7, HOMO-17, and HOMO-19 to HOMO-.21; see Ref. [76] for more de- 
tails) and two are primarily responsible for the B-Au bonding (HOMO-3 and 
HOMO- 5). This leaves two delocalized x orbitals (HOMO and HOMO- 6) and one 
delocalized o orbital HOMO- 1 (9a,), which are responsible for the global bonding 
over the five boron atoms that are not bonded to Au. Thus, B;Au; is n-antiaromatic 
(four delocalized x electrons) and o-aromatic (two delocalized o electrons) with all 
other MOs representing the two 2c-2e B-Au bonds and the seven 2c-2e B-B peripheral 
bonds. The planar B-Auz structure can then be viewed as originating from the mixing 
of the Au hybrid 6s-5d orbitals with one of the delocalized o orbitals in the B7 isomer 
III, thus transforming the doubly (o- and r-) antiaromatic B; into a o-aromatic but 
still n-antiaromatic B-Auz. Essentially, a delocalized o orbital, forming the original 
c-antiaromatic pair of orbitals, is transformed to two B-Au localized bonds, provid- 
ing major stabilization to the structure XVI for B-Auz. The second most stable isomer 
for B;Au; (XVII), originating from the quasi-planar doubly aromatic isomer I of B7, 
becomes doubly (o and x) antiaromatic and thus significantly less stable. The stability 
of the planar structure XVI of B7Auj is also reinforced by the two strong B-Au bonds 
formed. The calculated dissociation energy for the Au;B; (Cap, ! Aj, structure XVI) > 
Aus (1x) + Bz (C>,, "Aı, structure III) reaction is +119 kcal/mol at B3LYP/B/aug- 
cc-pvTZ/Au/Stuttgart rsc 1997 ecp + 2flg level. 

The similarity in stability, structure, and bonding in the global minima of B;Au; and 
BH: is analogous to the previous discovery of the Au/H analogy in Si-Au clusters. 
Similar to the Si-Au bond, which is highly covalent, it was found that the B-Au 
bonds in B;Au; are also highly covalent with very little charge transfer from Au to B 
(NBO charges at B3LYP/B/cc-pvDZ/Au/LANL2DZ are O(Au) = -0.007e and 
Q(B) = -0.251e ). This is again due to the close electronegativity between B and 
Au, as a result of the strong relativistic effects in Au. This study demonstrates that the 
Au/H analogy may be a more general phenomenon and may exist in many systems 
involving Au. The Au/H analogy will not only extend our understanding of the 
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chemistry of Au, but will also be highly valuable in predicting the structures and 
bonding of many Au alloy clusters. 


6. CO CHEMISORPTION ON Au CLUSTERS: IMPLICATIONS FOR 
NANOGOLD CATALYSIS 


Gold is the noblest of all metals in the periodic table. Therefore, the discovery of 
catalytic activity in gold nanoparticles [1] is quite remarkable and has attracted sig- 
nificant research attention [77]. In particular, gold nanoparticles are able to catalyze 
low-temperature CO oxidation, whose mechanisms have been the focus of extensive 
investigations lately [77]. Different models have been proposed, but the exact mech- 
anisms that govern this highly useful catalytic reaction are still under debate [1, 78]. 
Size-selected cluster deposition studies [79] and gas-phase experimental [80, 81] and 
theoretical [82, 83] studies represent alternative approaches to model this reaction in a 
well-controlled manner and provide fundamental understanding at the molecular level. 
Recent experimental and theoretical studies established that O5 adsorbs molecularly on 
gold clusters and nanoparticles [80, 82]. Coadsorption of CO and O, on small gold 
clusters was also revealed in mass-spectrometry-based experiments [81]. Importantly, 
they were shown to adsorb cooperatively, rather than competitively. However, rela- 
tively little experimental information is available on how CO interacts with small gold 
clusters and nanoparticles, particularly regarding the electronic and structural prop- 
erties of the CO-chemisorbed gold clusters. A number of chemical reaction studies of 
gold clusters with CO have been reported and size dependence and saturation were 
observed [84]. But definitive experimental structural information is still elusive [85]. We 
will show that Au-CO cluster complexes in the gas phase provide insightful molecular 
models for mechanistic understanding of nanogold catalysis [29, 30]. 


6.1. Chemisorption sites of CO on small gold clusters and transitions from chemisorption 
to physisorption: Au,,(CO), (m = 2-5, n = 0-7) 

The 193 nm PES spectra of Au?(CO), and Au3(CO), with n up to 3 and Au4(CO); 
and Aus(CO), with n up to 5 are shown in Fig. 30 [29]. Data were obtained for 
Aus(CO), up to n= 5 and for Au4(CO), and Aus(CO), up to n = 7. But the ad- 
ditional spectra do not show significant spectral changes and are not shown. The 
obtained ADEs are plotted in Fig. 31 as a function of CO numbers. PES data of Auz 
(Fig. 30a) revealed a large HOMO-LUMO gap (2.0 eV) for the closed-shell Au, neu- 
tral. Upon CO adsorption, the spectral features are similar to those of Auz, but the 
lowest-binding-energy feature (X) is significantly red-shifted by 0.69 eV for the first CO 
and by 0.56eV for the second CO. However, the third CO does not produce a red- 
shift, but rather induces a slight blue-shift by 0.17eV. For Aus, we also observed that 
the first two CO induce significant red-shifts (0.68 and 0.47 eV, respectively) to the PES 
spectra (Fig. 30b), whereas the third CO appears to have very little effect. It produces a 
very slight blue-shift (0.04 eV), but the spectral pattern of Au3(CO)3 is nearly identical 
to that of Au4(CO); . We have PES data up to n = 5, but the spectra of Au4(CO); and 
Au;(CO)z (not shown) are identical to that of Au3(CO)3, each with a very small blue- 
shift. The CO adsorption behavior of Au; is similar, but here the first three CO each 
induces a significant red-shift, 0.58, 0.35, and 0.45 eV, respectively, to the PES spectra 
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Figure 30: Photoelectron spectra of (a) Au»(CO),, (b) Aus(CO),, (c) Aug(CO), , and (d) Aus(CO), at 
193 nm. Energy gaps between features X and A are labeled for Au?(CO),.. Reproduced from Ref. [29]. 


(Fig. 30c). The fourth CO only produces a tiny red-shift of 0.02 eV. Additional CO up 
to n = 7 yielded PES spectra identical to that of Au4(CO)4 except that each additional 
CO induces a tiny blue-shift of 0.02-0.03 eV, as can be seen by the similarity between 
the spectra of n = 4 and 5 in Fig. 30c. The CO adsorption behavior of Aus is slightly 
different, only because the first CO induces a huge blue-shift of 0.85 eV (Fig. 30d). This 
is due to the special electronic structure of Aus(CO) , which can be considered to be an 
eight-electron system (a major shell closing in the electron shell model) [84]. However, 
each subsequent CO adsorption produces a red-shift up to n = 4 (by 0.59, 0.64, and 
0.26 eV, respectively), beyond which both the electron binding energies and the spec- 
tral pattern change little between n = 5 and 7. Starting at Aus(CO)3, the first PES 
band seemed to show a splitting, which can be seen more clearly in Aus(CO)z and all 
the larger clusters for n = 5-7. 

Our experimental observation suggests that the first few CO interact more strongly 
with the Au clusters, inducing significant red-shifts to the electron binding energy and 
representing chemisorption. Once the available sites on the Au clusters are used up, 
further CO adsorption has relatively little effect on the electronic structure of the 
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Figure 31: Adiabatic electron detachment energies of the Au, (CO), complexes vs. the number of CO. The 
arrows indicate the transitions from chemisorption to physisorption. Schematic structures of Au,, (m = 2-5) 
are also shown, where the letters a-d label the active sites for CO chemisorption. Reproduced from Ref. [29]. 


chemisorbed Au,,(CO), clusters, indicating the physisorption regime. Thus, the PES 
spectra (Fig. 30a—d) reveal vividly a transition from chemisorption to physisorption of 
CO on Au clusters. Importantly, the maximum numbers of chemisorbed CO corre- 
spond precisely to the available low-coordination apex sites on each Au cluster (Fig. 3) 
[18, 33], as can be seen from the structures of the bare Au clusters given in Fig. 31. The 
letters (a-d) indicate the CO chemisorption sites. For Au; and Aus, the two terminal 
Au atoms (a and b) should be the natural sites for CO chemisorption. For Aua, there 
are two low-lying isomers, a linear one and a Y-shaped one. The maximum of three 
chemisorbed CO suggests that the Aug cluster possesses the Y-shaped structure, which 
has three peripheral low-coordination sites. The most likely chemisorption sites for the 
W-shaped Aus are also labeled in Fig. 31. It is interesting to note that the fifth Au 
atom with a coordination number of only 4 is not a chemisorption site. The current 
experimental observation is consistent with recent experimental and theoretical 
evidence that shows that the active sites for CO adsorption on supported Au nano- 
particles are in fact low-coordination Au atoms [77e, 78b]. 

The PES data also provide insight into the mechanisms for the cooperative co- 
adsorption of CO and O, on gold cluster anions [81]. The interactions of Au clusters 
with CO and O; are fundamentally different. CO interacts with Au as an electron 
donor, whereas O; is an electron acceptor. We note that the CO chemisorption induces 
significant lowering of the electron binding energies to the chemisorbed Au„(CO), 
clusters, making them better electron donors and enhancing their interaction with Op. 
The chemisorption of O5 withdraws electron density from Au clusters and increases 
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their electron binding energies, making them better electron acceptors and enhancing 
their interactions with CO. Thus, CO and O, are chemisorption promoters to each 
other, naturally leading to cooperative adsorption on Au clusters. The same mech- 
anism should work in real gold catalysts and may hold the key for understanding why 
gold nanoparticles are capable of catalyzing CO oxidation at low temperatures. 


6.2. Unique CO chemisorption properties of gold hexamer: Aug(CO), (n = 0-3) 

Bare gold hexamer has unique electronic and structural properties. Structurally, Aug 
and Aug are well characterized to possess a close-packed planar triangular structure 
with D3, symmetry (Fig. 3) [18, 32, 33]. This highly symmetric structure may be viewed 
as a small piece of Au(11 1) surface or an ideal model catalytic surface composed of 
apex and edge sites only. Electronically, Aug is known to possess the largest HOMO- 
LUMO gap among gold clusters (Fig. 2) [18, 34b] and has been proposed to be a 
six-electron magic cluster within a 2D electronic shell model [86]. Upon CO 
chemisorption, we observed surprisingly that the first three CO chemisorptions do 
not significantly change the electron binding energies of the first PES band in 
Aug(CO), (n= 1-3), in direct contrast to our previous study on the smaller 
Au„(CO), (m = 2-5) complexes (Fig. 30). Only the binding energies of the second 
PES band in Aug(CO), were observed to be red-shifted, resulting in a closing of the 
HOMO-LUMO gaps upon CO chemisorption. 

The PES spectra of Au,,(CO),, (n = 0-3) were obtained at three detachment photon 
energies (532, 266, and 193 nm) [30]. Figure 32 compares the 193 nm spectra of all the 
species. The ADE and VDE of the ground-state X of Aug (Fig. 32a) were measured to 
be 2.06 and 2.13 eV, respectively, where the ADE is in good agreement with a previous 
ZEKE measurement (2.05eV) [34]. The VDE of band A at 4.43 eV defines an ex- 
tremely large HOMO-LUMO gap of 2.30eV for neutral Aug, which is the largest 
among all gold clusters [18, 34]. Upon adsorption of the first CO, the ground-state 
feature X broadened (Fig. 32b), but its binding energies (ADE: 2.04eV and VDE: 
2.20eV) showed very little change relative to that of the bare cluster. This is com- 
pletely different from the chemisorption behavior of the smaller gold clusters, where a 
red-shift of as much as 0.6-0.7 eV was observed upon the first CO chemisorption for 
Au, (n = 2-5) (Figs. 30 and 31). However, the second VDE, corresponding to electron 
detachment transition from the anion ground state to the first neutral excited state (A), 
was measured to be 3.92 eV, significantly red-shifted by 0.51 eV with respect to that of 
Aug and resulting in a much smaller X—A energy gap (1.72 eV). 

Upon further CO adsorption, the overall spectral patterns of Aug(CO)5 (Fig. 32c) 
and Aug(CO); (Fig. 32d) appeared similar to that of Aug(CO) : the first PES band 
X showed very little dependence on the number of CO ligands, whereas the higher- 
binding-energy features displayed continued red-shifts (by 0.32 and 0.28 eV, respec- 
tively), resulting in smaller and smaller X—A energy gaps: 1.45eV for Aug(CO)z and 
1.17eV for Aug(CO)3. Very weak signals were observed in the X-A gap region in the 
spectra of the CO-chemisorbed species. These weak signals were likely due to minor 
structural isomers in the CO-chemisorbed complexes [30]. 

Extensive computational searches identified the ground-state structures of 
Aug(CO), (n = 0-3) as shown in Fig. 33, which were confirmed from comparison 
with experimental data (Table 9). The bonding in Aug can be understood by mainly 
considering the orbital interactions of the Au 6s! electrons; the Au 5d'? manifold can 
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Figure 32: Photoelectron spectra of Aug(CO), (n = 0-3) at 193 nm.The arrows indicate the observed energy 
gaps. Reproduced from Ref. [30]. 
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Figure 33: Ground-state structures of Au,,(CO), (n = 0-3) from B3LYP calculations. Reproduced from 
Ref. [30]. 
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Table 9: Observed ADEs and VDEs from the photoelectron spectra of Aug(CO), (n = 0-3) and comparison 
with theoretical detachment energies (Ref. [30]). 














Species Expermental®® Theoretical”“ 
Feature ADE VDE ADE State (MO) VDE 
Aug X 2.06 (2) 243 (2) 2.02 IA’ (Ga? 2.12 
A 4.43 (2) 3E, Gei 4.43 
Aug(CO)~ x 2.04 (5) 2.20 (3) 2.10 1A; (11b,) 2.26 
A 3.92 Q) 3B, (15a) 3.91 
Aus(CO); X 2.03 (5) 245 (3) 2.16 "A, (1721) 2.30 
A 3.60 (2) 3B, (13b;) 3.75 
Aug(CO); X 1.95 (5) 245 (3) 1.86 "A, (2021) 2.15 
A 3.32 (3) 3B, (14b;) 3.53 





*All detachment energies are in eV. 

>The ground-state ADE also represents the EA of the corresponding neutral species. 

“State (MO)" denotes the final neutral triplet and singlet states upon electron detachment from the corresponding MO of 
the anion. 


be qualitatively viewed as being simply broadened upon orbital overlap. Specifically, 
the 6s orbitals of the inner and outer triangles in Aug both form ad +e’ represen- 
tations. The orbital interaction between the inner and outer Au; fragments leads to the 
formation of a bonding and antibonding pair of ad +e’. The six 6s! electrons fully 
occupy the a;/+e’ bonding orbitals, giving rise to the (a;’)°(e’)*(a;’)(e’)° electron 
configuration, which is analogous to the delocalized m electrons in benzene. The 
antibonding ad rel orbitals, which are nearly degenerate, are unoccupied and become 
LUMO and LUMO +1, respectively. This unique electron configuration and the 
delocalized nature of the ad trei orbitals render Aug a highly o-aromatic system, 
explaining its special stability and its extremely large HOMO-LUMO gap. As shown 
in Fig. 34, the a,’ LUMO of Au, is mainly from the outer Au; fragment, whereas the e’ 
LUMO + 1 orbitals (8e’) are mainly from the inner Au; fragment. The different spatial 
distributions of these orbitals and their near degeneracy turn out to be the key in 
understanding the interaction of Aug and CO. 

The schematic MO level diagram of Aug(CO),, is depicted in Fig. 34. The HOMO of 
Aug is the degenerate 7e’ orbitals, which involve strong s-d hybridization and are 
highly delocalized. The LUMO of Aug is 6a,’, which is mainly distributed on the three 
apex atoms (outer triangle). In the Aug anion, the extra electron enters the 6a,’ orbital 
and the charge is distributed on the outer triangle. What is unique to Aug is that its 
LUMO +1 (8e’), which is mainly concentrated on the inner triangle, is very close in 
energy to the LUMO. The consequence of this energetic proximity between the 
LUMO and LUMO + 1 in Aug will become clear when CO is adsorbed. When one CO 
is coordinated to an apex atom of Aug, the symmetry of the molecule is lowered from 
D3, to Ca, and the degenerate LUMO + 1 (8e^) of Aug is split into a; and b» orbitals. 
The a, component of the 8e' orbital strongly mixes with the 6a,’ orbital, which are 
both destabilized (Fig. 34). On the other hand, the b; component of the 8e' orbital 
interacting with the CO 2r orbitals becomes the LUMO, into which the extra electron 
enters in Aug(CO) . Consequently, the CO chemisorption to Aug induces an internal 
electron transfer from the outer triangle to the inner triangle. Since the b; LUMO 
of AugCO (1155) does not change much energetically relative to that in the bare Aug 
species, similar electron binding energies are expected for the two systems. In 


144 HUA-JIN ZHAI, XI LI AND LAI-SHENG WANG 





A SE 
sz 09 
9» ` ke d 4d o e „— 
sen 16a, — — ldb) —— 2... 15b; 
Se eu 0000094 Sape 
a, pan RC CE NU EC DEN ea m 
à gd ees Ch: T SE ch: 20a, 
v's 8 | e P 
231 





e$ > ege e 32 % Aug Dg, AugCO™ Co, Aug(CO)3" Cs, AugCO)y Ca, 


Figure 34: Energy level diagrams of Aug(CO), (n = 0-3) based on TD-DFT calculations. Reproduced from 
Ref. [30]. 


Aug(CO); and Aug(CO)3, the a, component of the Se orbital becomes the LUMO, 
which is again localized on the inner triangle (Fig. 34) and whose binding energy is not 
expected to change significantly relative to that of Aug. This situation is unique to the 
D3, Aug structure, where there exist two spatially distinct but energetically similar 
regions in the molecule. Thus, in the anions, the extra electron shuttles from the outer 
triangle to the inner triangle upon chemisorption, resulting in a relatively constant 
electron binding energy for the singly occupied molecular orbital (SOMO) in both 
Aug and Aug(CO), (n = 1-3) (Fig. 34). In other words, since the extra electron in 
Aus(CO), (n = 1-3) is localized on the inner Au atoms, it is not sensitive to the CO 
chemisorption, which only involves the outer Au atoms. 

The CO chemisorption also lifts the degeneracy of the 7e' HOMO of the D3, Aug, 
forming a, and b; orbitals under the Cy, symmetry in Aug(CO),. The a, or b; orbital 
from the HOMO mixes with the corresponding orbital from the LUMO, pushing up 
the HOMO level in the chemisorbed complexes, 15a, for n — 1, 13b; for n — 2, and 
14b; for n = 3 (Fig. 34). The destabilization of the HOMO in the chemisorbed species 
is further enhanced by the CO 56-donation, which is repulsive due to closed-shell- 
closed-shell interactions. The relatively constant LUMO level plus the destabilization 
of the HOMO level in Aug(CO), gives rise to the decreasing HOMO-LUMO gaps as 
observed in the PES data of the chemisorbed Aug(CO), anion complexes (X—A gaps, 
Fig. 32). 

The large HOMO-LUMO gap in Aug arises from the o-aromaticity of the Aug 6s 
manifold. Accordingly, the Aug cluster is quite inert chemically, and it is not expected 
to be reactive to O2. However, the destabilization of its HOMO upon CO chemisorp- 
tion provides an important activation mechanism. Thus, it is expected that neutral 
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chemisorbed Au&(CO), complexes should be reactive toward O». This cooperative 
chemisorption behavior seems to be an essential feature in considering the catalytic 
mechanisms of nanogold for CO oxidation. 


7. CONCLUDING REMARKS 


We have reviewed recent studies in our laboratory about elemental Au anion clusters, 
novel gold alloy clusters, and CO-chemisorbed Au clusters. This body of work rep- 
resents a rather broad spectrum of distinct chemical species, demonstrating that PES is 
a highly powerful and versatile technique in exploring the novel structure, bonding, 
and chemistry of gold clusters. The main results are summarized as follows: (1) The 
PES data confirmed that Au, cluster anions prefer planar structures up to Auj», in 
accord with a previous ion mobility study. Evidence for coexisting isomers was also 
presented for several cluster sizes, most notably for Aug, Au;, Aug, Aujo, and Au. 
(ii) It was revealed that the Au», cluster is highly special and has an extremely large 
HOMO-LUMO gap, which suggests Au»o should be highly stable and chemically 
inert. Relativistic DFT calculations showed Au» possesses a tetrahedral structure — a 
fragment of the fcc lattice of bulk gold with a small relaxation. Auso is thus a unique 
molecule with atomic packing similar to bulk gold but with very different properties, 
and can be synthesized in solution with ligand protections. (iii) Combined PES and 
DFT study showed that the Aus; anion likely possesses a low-symmetry structure 
controlled by vibrational entropy, in contrast to the Aus; neutral that was predicted to 
be a highly symmetric icosahedral cage. (iv) The Au H~ impurity was observed un- 
expectedly in pure gold clusters and the hydrogen source was shown to be from trace 
H impurities from the bulk gold target, thus providing strong, albeit indirect, evidence 
that H is the "invisible" atom that gives the mysterious 3.6À Au-Au distance in 
atomic-thick gold nanowires. (v) Atomic-like magnetism was revealed in transition- 
metal-doped gold clusters MAug (M — Ti, V, Cr). (vi) Icosahedral cage clusters 
Mi Aur: (M = Mo, W, V, Nb, Ta) were observed and characterized in the gas phase, 
which confirmed the earlier theoretical prediction of Mia Aus (M = Ta’, W, Re") by 
Pyykkó et al. and also extended this family of clusters to include 4d and 3d hetero- 
atoms. This series of stable cage clusters demonstrated the potential of fine-tuning 
electronic properties of gold with the central heteroatom. (vii) Au/H analogy was 
discovered in Si-Au and B-Au binary clusters. This new concept will not only extend 
our understanding of Au chemistry but will also be highly valuable in predicting the 
structures and chemical bonding in many Au alloy clusters. (viii) Several extensive 
series of Au-CO complexes were produced and characterized in the gas phase. These 
complexes were utilized as molecular models for mechanistic understanding of nano- 
gold catalysis for CO oxidation. Spectroscopic evidence was obtained for CO 
chemisorption sites on small Au clusters and transitions from chemisorption to 
physisorption. The PES data also revealed important activation mechanisms of Au 
clusters by CO chemisorption and provided a natural interpretation for cooperative 
coadsorption of CO and O, on Au clusters, which may hold the key for understanding 
nanogold catalytic CO oxidation at low temperatures. Gold, the noblest metal in the 
periodic table, seems to hold many surprises in the nano regime. It is anticipated that 
many more secrets of nanogold are still waiting to be discovered. 
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NOTE ADDED IN PROOF 


Since submission of this review, we have completed two highly relevant studies 
[87, 88]. We have discovered and confirmed the first and the smallest empty golden 
cages in Aujs and Au: [87], which possess enough inner spaces to host a foreign atom 
to form endohedral golden cages. In another recent study, we have extended the Au/H 
analogy to SizAuz3 [88]. 
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Chapter 4 


Au, and Ag, (n = 1-8) nanocluster catalysts: gas-phase reactivity 
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1. INTRODUCTION 


The chemistry of small metal clusters has received considerable attention over the last 
several years [1—3], due primarily to the fact that the intrinsic properties of clusters are 
intermediate to those of atoms and the bulk phase [4]. This region is of particular 
interest for coinage metals because it is has been shown to be important in a number of 
catalytic reactions [5]. Few materials provide a more compelling example of the in- 
herent differences between the bulk and “nano” scales than gold. Known to be 
chemically inert in the bulk phase [6], the experimental results of Haruta first showed 
that highly disperse gold clusters are catalytically active when supported on metal- 
oxide surfaces [7]. A mixture of H5, O2, and CH;CH = CH»; passing over very small 
clusters of Au on TIO; will produce propylene oxide with high selectivity (90%). 
Passed over slightly smaller clusters, the same mixture reacts to make propane. A 
further increase in size renders the Au useless: no catalysis takes place on it. Silver 
clusters have similar catalytic activity. They too serve as epoxidation catalysts for 
ethene and propene when supported on semiconductor surfaces [8]. 

The discovery of the catalytic properties of noble metal nanoclusters has prompted a 
sizable experimental and theoretical research effort aimed at characterizing the cat- 
alytic activity [9-13]. Particular attention has been focused on trying to understand the 
size-dependent catalytic activity [14] of these clusters and to develop robust theoretical 
models that are independent of both the metal (Ag, Au) and substrate. We have made 
considerable progress in this area and our results are summarized in this chapter. We 
have approached our goal of understanding the size-dependent chemistry of metal 
clusters on two fronts: by probing the reactivity of mass-selected Au} and Ag} 
nanoclusters in the gas phase, and by studying the properties of mass-selected Au. 
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and Ag; nanoclusters deposited on TiO.(110) surfaces under ultrahigh vacuum 
(UHV) conditions. Detailed results on gas-phase clusters provide important thermo- 
dynamic information, both as data for testing theoretical models and to establish 
structural, energetic, and reactive properties for size-selected clusters. Depositing size- 
selected clusters provides a platform for studying model nanocluster catalysts with a 
well-defined size. Surface structures, binding sites, and binding energies are determined 
by combining atomic-resolution scanning tunneling microscopy (STM) and density 
functional theory (DFT). 


2. EXPERIMENTAL METHODS 


2.1. Ion mobility mass spectrometry 

2.1.1. Instrumentation 

All of the ion-molecule reactions described in this work were carried out on a home- 
built dual-quadrupole mass spectrometer equipped with a high-pressure drift/reaction 
cell located between the two quadrupole mass filters (Fig. 1) [15]. Transition metal 
cluster ions are generated from pulsed laser vaporization [16] of a translating/rotating 
metal rod in a high-pressure Ar bath gas. The laser used in these experiments is 
a 308-nm XeCl excimer. It is typically operated at 20Hz with a power output of 
approximately 300 mJ/pulse. The desorbed metal plasma is then entrained in a high- 
pressure pulse of Ar that collisionally cools the plasma and induces cluster formation. 
The timing of the Ar pulse is synchronized with the laser using a home-built delay 
generator. The typical Ar pulse width is on the order of 500 usec with a backing 
pressure of 75 psi. Metal clusters exiting the source are then mass selected by the first 
quadrupole mass filter and injected into the drift/reaction cell. 

The drift/reaction cell is a Cu block that is 4cm in length with an entrance and exit 
orifice measuring 0.5 mm in diameter. The cell can be filled with both inert and reactive 
gases. These gases are flowed through the cell so that a constant pressure can be 
maintained. For the majority of the work presented in this chapter, a mixture of 
reactive gases and He was used to fill the cell. The typical composition of the gas 
mixture is 4.5 Torr of He combined with 0.001—0.5 Torr of reactant gas. Pressures in 
the cell are measured using a capacitance manometer. For gas mixtures, a residual gas 
analyzer (RGA) can also be used to monitor the presence of the reactive component. 

The experimental temperature range of the cell can be varied from 80 to 800 K. 
Temperatures greater than 300K are achieved by resistive heating of Ta resistors 
embedded in the cell body while temperatures below 300 K are reached by flowing N> 


Source Quadrupole I Drift Cell Quadrupole Il Detector 








laser 
A 


Figure 1: A schematic view of the quadrupole-cell-quadrupole mass spectrometer. 
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gas cooled in liquid nitrogen through channels that are also present in the cell body. 
The temperature is monitored by three thermocouples placed at various locations on 
the cell. This is a means of determining if significant temperature gradients across the 
cell exist and if errors in the temperature reading are present. 

Ions are drawn through the cell under the influence of a weak electric field. The field 
is weak enough so that the thermal energy of the ions is not significantly perturbed. 
Ions exiting the cell are mass selected by a second quadrupole mass filter and detected 
using a Venetian-blind electron multiplier. A conversion dynode is used to allow for 
both positive and negative ion operation. 


2.1.2. Equilibrium reactions 
Equilibria are rapidly established in the cell for successive association reactions of 
neutral ligands to the transition metal cluster ions (Eq. (1)). 


Integrated peak areas of the various MII ~L, ions are recorded and these values, 


M} L,- + LM} L, (1) 


along with the pressure of the ligating gas (Pj) in Torr, are used to determine an 
equilibrium constant (Kp) for each reaction using the following equation: 


, ` IMN ` 760 


= m x 
" M} Oa] PL 





Q) 


The equilibrium constants can then be used to calculate the standard Gibbs free 
energies for the reactions, 
AG; = —RT In(Kj) (3) 


and the values obtained for AG7 plotted vs. the temperature, to obtain AS; and AH7. 
for each reaction using the following equation: 


AG, = AH, — TAS, (4) 


The resulting plots are linear over the experimental temperature range for all sys- 
tems reported here. A least-squares fitting procedure is used to obtain slopes and 
intercepts of each line. The slopes are used to determine the association entropy for 
Eq. (1) (AS7) and the intercepts give the corresponding AH% values. The reported 
uncertainty in these values is a measure of variance in the data from the fit. 

For some of the systems discussed here, 0 K bond dissociation energies (BDE) have 
been determined by fitting the experimental data using statistical thermodynamics and 
extrapolating to OK [17, 18]. To accomplish this task, AG? is calculated (Eq. (4)) using 
the total clustering entropy, given in the following equation: 


AStor = AStrans + ASnor + ASvrp + ASEL (5) 


The observed slope is AStor + R In(mass discrimination), where “mass discrimi- 
nation" is the ratio of collection efficiencies for parent and product ions. The enthalpy 
is obtained from the following equation: 


T 
AHror = AH, + d ACp(rnANs) + ACnor + ACyrsd T (6) 
0 
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The necessary vibrational frequencies and rotational constants are taken from DFT 
[19, 20] calculations (see Section 2.13). In all cases, molecular parameters that are not 
well fixed by theoretical calculations or comparisons with known systems, such as the 
theoretical vibrational frequencies and the mass discrimination, are varied over a wide 
range of physically reasonable values until the calculated AG? vs. T line matches the 
experimental data points. It should be stressed that uncertainties in these parameters 
have little effect on the final values of AH). Thus, we expected only small uncertainties 
in the derived bond energies. This is confirmed for each cluster equilibrium by de- 
termining the range of AH, values resulting from a wide range of vibrational fre- 
quencies. It should also be noted that the translational entropies and heat capacities 
are precisely known for all the clusters. Therefore, since AStRANs is the largest com- 
ponent of ASTor, even substantial errors in the calculated ASgoT or ASvyrp will only 
have a small effect on the calculated value of ASTor. 


2.1.3. Theory 
The product 1ons of interest were examined theoretically to determine the molecular 
parameters needed to analyze the experimental data and to identify factors important 
in the bonding. DFT calculations were carried out using the B3LYP hybrid functional 
[21—23] and the Gaussian 03 package [24]. For all of the calculations reported here, 
carbon and hydrogen were described using the standard 6-31-- G** basis set [25]. 
The basis set for the silver cationic clusters is a (5s6p4d)/[3s3p2d] contraction of the 
Hay-Wadt (n+ 1) effective core potential (ECP) valence double zeta basis proposed by 
Hay [26, 27]. Here, the outermost core orbitals are not replaced by the ECP, but are 
instead treated equally with the valence orbitals. This allows for increased accuracy in 
the calculations without a substantial increase in computation time. The ECP for silver 
incorporates the Darwin and mass-velocity relativistic effects into the potential. The 
Stuttgart/Dresden relativistic ECP and (8s7p6d)/[6s5p3d] valence basis set were used 
to treat both the silver anionic clusters and the gold cationic clusters [27, 28]. Nineteen 
valence electrons are explicitly treated by the basis set. 

Geometry optimizations of metal ion/alkene clusters of interest were performed over 
a wide variety of conceivable geometries in order to obtain minimum energy cluster 
conformations and to ensure that no alternate theoretical geometries exist that sig- 
nificantly differ from those reported here. All confirmed minima consist of largely 
unperturbed C2H4 and C3Hg ligands bound to a metal core ion. 


2.2. Ion soft landing of mass-selected Au; and Ag; on TiO; 

The creation and investigation of mass-selected clusters takes place in a home-built, 
laser ablation source [29] coupled with several surface science probes including STM, 
as shown in Fig. 2. 


2.2.1. The ion cluster source 
The operating principles of ablation sources have been discussed elsewhere and only 
the details relevant to the present design are presented here. 

The sample format is a rotating translating metal rod, mounted vertically in the 
“waiting room" (7-1 cm?) directly in front of a pulsed valve orifice. A pulse of argon fires 
prior to a laser pulse, inducing nucleation of the ablated plasma into a variety of cluster 
sizes. Positively charged 1ons exit through an expansion nozzle insert. Argon is used as 
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Figure 2: Overall view of instrument (drawn to scale). The absolute dimension of the laser vaporization 
source and associated pumping/expansion region is indicated. (1) Source chamber; (2) cluster source; (3) first 
einzel/steering lens; (4) diffusion pump chamber; (5) second einzel/steering lens; (6) acceleration chamber; 
(7) acceleration/focus lens; (8) ceramic break; (9) magnet flight tube; (10) laser entrance window; (11) 
deceleration/y focus lens; (12) deceleration/collector chamber; (13) moveable detector; (14) z focus/steering 
lens; (15) turbo pump; (16) cryo-manipulator; (17) deposition chamber; (18) sample holder stage; (19) final 
focus lens; (20) Auger; (21) microscope chamber; and (22) microscope. 


the expansion gas (rather than the more commonly used helium) as it seems to result in 
significantly greater clustering. The green line (532 nm) of an Nd-Y AG laser is focused 
on the sample through the nozzle orifice. Positively charged clusters are extracted using 
ion optics. The ion beam exits the source vacuum chamber through a skimmer. The 
source/nozzle assembly is electrically biased (74150 V) with respect to the skimmer (0 V), 
therefore the ions have ~150 eV kinetic energy. Clusters of a particular mass are selected 
in a magnetic sector, focused, and finally guided into a deposition chamber. A movable 
detector can be placed in the path of the beam to measure a mass spectrum of the 
available clusters, as well as the kinetic energy distribution of the incoming clusters. 
Figure 3 shows an extended mass scan of gold clusters from 0 to 8500 amu. In- 
tensities for Auj_, range from 0.4 to 1.6 nA while those for Au? 49 are roughly 30 pA. 
From this scan, the mass resolution (M/AM) is seen to be >40 at 8500 amu, allowing 
selection of individual clusters up to Augo. The present cluster intensities of 0.1-1nA 
for Ag! and Au, correspond to deposition times of 10-100 min (for ~0.02 ML). 
In the absence of collisions, the cluster 1on deposition energy is given by the dif- 
ference between source and substrate potentials. When gas is present, energy is added 
in the expansion and subtracted by collisions in the acceleration region between the 
nozzle and skimmer. The velocity added in the expansion is fairly uniform while a 
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Figure 3: Aut mass spectrum; 0-8500 amu. 


Poisson distribution of collision numbers (ranging from 0 to several) governs the 
energy lost. The expected result is a KE distribution with some fraction of clusters 
having a uniform maximal energy equal to the acceleration potential (i.e., source to 
ground potential, ~150—200 eV) with the energies of the remainder of the ions tailing 
off to lower values. This is in fact what is found. Figure 4 shows a plot of Ag" ion 
current vs. detector stopping potential for an acceleration potential of ~180 V. Super- 
imposed on the data is an integrated normal distribution (fit to the high energy side of 
the data) as well as its derivative. Note that the high energy half of the distribution is 
quite sharp (~1—2 eV wide) with an energy corresponding to the source acceleration 
potential. This narrow distribution is critical because it is the high energy side of the 
distribution which is deposited after retardation to 50% ion loss. The low energy part 
of the distribution — although broad - is lost when the cluster ions are decelerated 
before deposition. We can thus deposit ions with «2-3 eV/cluster. The KE range does 
increase with cluster size but the maximum KE/atom is roughly constant. 

The coverage is estimated by measuring the current on a movable target positioned 
2mm in front of the sample to be approximately 0.01—0.02 ML in all cases relative to 
Ag or Au(11 1), both of which have a surface atom density of 1.39 x 10 atoms/cm?. 


2.2.2. Sample preparation and STM 

The clusters reach the sample in the deposition chamber, which has a base pressure of 
«2 x 10 '? Torr, rising somewhat to «1 x 10° during deposition due to residual ar- 
gon gas. The rutile titania (110)-(1 x 1) samples (Commercial Crystal Laboratories or 
Princeton Scientific Corp.) were prepared in UHV by multiple cycles of Ar" bom- 
bardment (1-2 kV, 20min) and annealing to 860-1100 K prior to use, causing the 
crystals to change from transparent to blue in color due to the creation of oxygen 
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Figure 4: Kinetic energy distribution of Ag” at the collector. 


vacancies. For temperatures below 900 K, longer annealing times of 10-20 min were 
typical, while higher temperatures were used in a flash preparation method during 
which the temperature was held for only 10—20 sec. Once clusters have been deposited, 
the sample is shuttled into the UHV STM chamber (RHK-SPM 100, base pressure 
«2 x 10 !? Torr) and scanned with electrochemically etched tungsten tips, which are 
electron bombarded in vacuum prior to use. Feature heights are reported here as 
measured, while feature diameters are reported as full-width half-max values, and are 
uncorrected for tip convolution effects. Height and width ranges given represent one 
standard deviation. Typical scanning parameters of +1 to +2V and 0.1 to 0.2nA 
were used, therefore empty states are probed. High resolution, UHV STM can be used 
to determine cluster size, shape, and position on the surface. 


2.3. Density functional theory calculations of clusters on TiO;(1 1 0) surfaces 

Once the clusters have been investigated using STM, we perform DFT calculations in 
order to compare our experimental results to theory. We have performed periodic 
Kohn-Sham DFT calculations using the Perdew and Wang 1991 (PW91) exchange- 
correlation functional [30, 31] and the VASP program [32-35]. The ionic cores were 
described by scalar relativistic ultrasoft pseudopotentials [36] allowing 6, 10, and 11 
"valence" electrons for O, Ti, and Au atoms, respectively. Two pseudopotentials 
were used to describe oxygen atoms. We denote them soft- and hard-oxygen pseu- 
dopotentials. The cutoff in the plane wave expansion was 270eV in calculations in- 
volving the soft-oxygen pseudopotential and 396 eV in the other case. Differences less 
than 0.1 eV are generally observed between the relative and desorption energies com- 
puted with the two oxygen pseudopotentials. This difference is negligible compared 
with the accuracy of DFT. However, the computational time is significantly reduced 
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when the soft-oxygen is used. Relativistic effects were partially taken into account 
through the use of a relativistic scalar pseudopotential. We have neglected the effect of 
spin-orbit coupling. All calculations aimed at understanding the catalytic activity or 
the surface science of gold, performed so far, have used this approximation without 
producing manifestly unreasonable results. Moreover, it has been shown recently that 
spin-orbit coupling has negligible effect on the atomization energy and the orbital 
energies of the frontier orbital small Au clusters [37]. 

The Brillouin zone was sampled at the I -point only. Monopole, dipole, and quad- 
rupole corrections to the energy were taken into account using a modified version of 
the method proposed by Makov and Payne [38]. We allowed fractional occupancies of 
the bands by using a window of 0.05 eV and the Gaussian smearing method. A Harris- 
Foulkes like correction to the forces was included. The Kohn-Sham matrix was di- 
agonalized iteratively using the residual minimization method-direct inversion in the 
iterative subspace [33, 39]. 

Many starting structures (more than 30 for all clusters larger than the dimer), 
corresponding to the adsorption of Au/Ag clusters on a stoichiometric and on a 
reduced rutile TiO;(1 1 0) surface, have been fully optimized without symmetry con- 
straints by using a conjugated gradient algorithm [40]. Both surfaces are considered 
since the cluster, if immobile, can encounter local areas which are both stoichiometric 
and reduced. Various configurations for a given cluster were considered, including 
3-dimensional (3-D) and metastable structures located up to 2eV above the ground 
state based on calculations performed for the unsupported (gas phase) neutral, 
cationic, and anionic clusters, i.e. Au: (n = 1-7, q = 0,4 1,-1). We removed one of the 
protruding bridging oxygen atoms to model the defective (reduced) surface. This 
corresponds to a concentration of 17% oxygen atom vacancies, which is slightly larger 
than the experimental value (10%). 

We use the term desorption energy (De), as is common in surface science, to describe 
the binding strength between the clusters and the rutile TiO»(110) surface. For 
example, the desorption energy of Au» adsorbed on a stoichiometric surface, 
D;[Au;], is 





D,[Au;] = E[TiO»(perfect)] + E[Au»] — E[Au»/TiO»(perfect)] (7) 


EITiO;(perfect)] and E[Auz/TiO2(perfect)] are the total energies of the stoichiomet- 
ric TiO2(1 1 0) surface without and with a Au cluster while E[Au»] is the total energy of 
Au» in the gas phase. 

The dissociative adsorption of Au clusters was studied on a [5 x 2] supercell. In these 
calculations, the fragments occupy their respective equilibrium positions and the 
separation between the fragments is more than 6.5À except in very few cases. The 
fragmentation energies, AEg4,[Au,/TiO»], were obtained using the formula: 


AE frag[ Au, /TiO2] = E[Au„/TiO>] — El(Au, + Au, TO: (8) 


E[Au,,/ TiO;] is the total energy of the lowest energy structure of the intact cluster 
and Z[(Au, + Au, ,)/TiO;] the total energy of the fragmented cluster in which both 
fragments occupy their equilibrium position on the surface. On the reduced surface, 
only one of the fragments occupies the defect site (missing bridging oxygen). The other 
one is located at its equilibrium position on a stoichiometric area of the surface. 
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3. INTERACTIONS BETWEEN Au, AND Ag, CLUSTER IONS AND SMALL 
ALKENES 


3.1. Introduction 

An initial step that must be made to further our understanding of the properties of 
coinage metal clusters is the determination of their gas-phase conformations. Toward 
these ends, Kappes and co-workers have reported the gas-phase conformations of both 
positively and negatively charged Au,, (m « 14) clusters [41, 42] and the conformations 
of positively charged Ag}, (m< 12) clusters [43] using ion mobility methods combined 
with DFT calculations. Additionally, a host of theoretical studies have been conducted 
that report the geometries of silver and gold clusters in this size range [44-47]. 

The interactions between transition metals and small, catalytically relevant mole- 
cules have also been the source of extensive study [48—51]. Systematic experiments 
have examined the properties of an assortment of gas-phase metal ion M, as d 
clusters with X = Hp [18, 52, 53], CO [54-56], and O» [57-60] along with a ae of 
other ligands [61-63]. These experiments, coupled with theoretical calculations, have 
broadened our understanding of the nature of transition metal ion bonding and have 
provided some of the fundamental information that is necessary to elucidate the 
complex factors involved with many catalytic processes. 

Small alkenes have been the focus of many studies because of their ability to serve as 
effective prototypes for other unsaturated hydrocarbons [64-67]. Dewar first proposed 
an interaction model to interpret the structure of metal-olefin complexes [68]. This 
model suggests that bonding consists mainly of electron density donated from the rn 
orbitals of the ligand to the unoccupied s orbital of the metal coupled with back- 
donation from the filled d orbitals of the metal to the unoccupied 7 orbitals of the 
ligand. Subsequent studies have used this model to explain the bonding of small 
alkenes to group 11 transition metal cations [64-66]. Furthermore, it has been shown 
that back-donation plays a more significant role in the bonding of first row transition 
metals and is less important for the second and third row counterparts [66, 67, 69]. 

In this work, temperature-dependent equilibrium measurements in conjunction with 
ab initio calculations were used to determine the interactions of Ag} (m< 14) clusters 
with CH: and C4H, and the interactions of Au}, (m = 1, 3-9) clusters with C2H4. 
Some of these systems have been previously investigated in other laboratories. Guo 
and Castleman [64] measured the binding energies of one and two CH: ligands to 
Ag". Chen and Armentrout [70] examined reactions of Ag* with a variety of small 
hydrocarbons and reported a lower limit for the BDE of the Ag* (C2H4) ion. Little 
information could be found in the literature pertaining to the interactions of C,H, or 
C3H6 with the larger Ag or Au clusters studied here. 

In addition to thermodynamic information, many other properties of coinage metal 
clusters have been examined. Rate constants for the dissociation of Ag; via associ- 
ation of both ethene and propene have been measured [71]. DFT calculations were 
performed to generate potential transition state structures for the dissociation reac- 
tions and phase space theory (PST) was used to model the experimental rate data. 

Structural information for the metal cationic clusters has also been obtained from 
thermodynamic measurements of sequential ligand additions to a bare cluster. Ligand 
addition to metal clusters has been formerly used to imply structure [70,72,73]. In these 
studies, saturation experiments are performed and a set of empirical rules used to 
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interpret the data. Here, recent theoretical work has indicated that the lowest unoc- 
cupied molecular orbital (LUMO) on Ag and Au clusters is primarily located on 
"corner" atoms in the cluster [74—76]. The position of the LUMO strongly affects the 
charge distribution of the metal clusters. Binding energies at a particular cluster site 
should correlate with the charge distribution for an electron donating ligand. There- 
fore, measured bond energies will correlate with charge distributions and allow us to 
identify equivalent, or near equivalent, “corners” of the metal clusters. 


3.2. Ag (C2H4), and Ag; (C3H,), (m = 1-9) association reactions 
Examples of the kind of data we obtain from our experiments are presented in Fig. 5 
and the resultant values of AH and AS derived from the data are given in Tables 1-4. 

Several trends in the experimental data were observed. With the exception of Ag? 
and Agh» the strongest silver-alkene bond results from the addition of the first ligand 
to the transition metal core ion, although the decrease in the binding energies of 
successive ligand additions vary substantially and are unique to each silver cluster. 

Additionally, the BDEs of the Agt} /C3H6 systems are systematically larger than 
those of the Ag} /C5H, systems for a given value of m. 

Trends in the association entropies for the systems studied can also be seen. Typical 
AS7 values ranged from approximately —0 to —30cal/(mol K). All association re- 
actions where the value of n>m result in values of AS; that are approximately 10 
entropy units "less negative" than those of the first m ligands. Some association 
reactions give rise to values of AS7. that are much more negative than —30 cal/(mol K). 
The reasons for these large negative values of AS}, are unique to the system in which it 
occurs and several cases will be discussed in detail in the following sections. 

A trend concerning the BDEs of the first alkene ligand additions to the Ag? clusters 
is also observed. With the exception of the Ag? and Ag; clusters, the binding energies 
of the first alkene ligands systematically decrease as the size of the Ag; clusters 
increase, as shown in Fig. 6. Figure 6 also shows that the BDEs appear to be 
asymptotically approaching the binding energy of C2H4 and C3H6 to the bulk silver 
surface. 

The energies and geometries of ligated silver cluster ions were calculated using DFT. 
DFT calculations provide binding energies in good quantitative agreement with ex- 
periment for the early ligand additions to the smaller Ag? (m = 1-5) clusters. The 
quantitative agreement worsens for the larger clusters with more ligands attached, but 
the experimental trends in binding energies are nicely duplicated. The geometries of 
Agi (CoH4), s, Ag; (CsHo), s, and Agi (C4H4), are shown here as examples of 
ligated structures. Theoretical molecular geometries and electronic population analysis 
provided information necessary to identify factors important in the binding interac- 
tions of the various clusters. 

A detailed understanding of the interactions between silver cluster ions and their 
alkene ligands can be achieved by examining the valence electronic configurations of 
each species separately. Recently, Weis et al. used ion mobility spectrometry along 
with DFT to investigate bare silver cluster cations [43]. Using this combination of 
theory and experiment, they were able to determine cluster geometries. We have used 
their results as a basis for our own DFT calculations to determine NBO populations. 
These results are given in Table 5 along with the bare silver cluster geometries. NBO 
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Figure 5: Plot of experimental AG. vs. temperature data for the association reactions: Agi (L), | +L 
2 Ag; (L), (L = either C,H, or C3H6). For n = 5 of the C3H, system, the slope of the line is 10cal/(mol K) 
more positive than the n = 4 line (see text for details). 


analysis shows that the highest occupied molecular orbitals (HOMO) of the Ag}; 
clusters are created by overlap of the 5s orbitals of each Ag atom in a given cluster. 
For each Ag} cluster, one of these 5s orbitals is initially unoccupied, giving rise to the 
positive charge of the cluster. The remaining m — 1 5s orbitals are singly occupied. In 
most cases, the electron density 1s delocalized about the cluster. Equivalent amounts of 
electron density located on two or more atoms of a cluster (see Table 5) are found for 
metal clusters having highly symmetric geometries. 
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Table 1: Ag/(C2H4), ; + C2H4 Agi (Co H4), bond dissociation energies (-AH$)". 























m n 
1 2 3 4 5 6 7 8 
3 21.5+0.8 19.7+0.9 17.1+0.6 5.5+0.6 
4 9.2+1.8 18.64-0.9 17.4+0.5 12.5+0.7 ~4.6° 
5 87414 1824-12 25.2+0.9 8.9+0.6 6.7+0.6 4.5+0.6 
6 25.7+1.0 22.0 +0.6 14.6+0.7 11.24-0.6 8.54-0.6 6.9+0.8 
7 26.4+0.7 22.1+1.0 12.7+0.6 9.9+0.5 7.9+0.7 6.3+0.7 5.2+0.8 
8 7541.0 15.3+0.6 11.0+0.5 10.5+0.6 9.7+0.6° 7.2+0.4° 6.2+0.6° ~5.6°4 
9 6.3+0.8 14.8+0.9 12.4+0.7 10.8+0.5 9.6+0.4 8.1+0.4° 6.7+0.4° 
10 4.7+0.9 15.7+0.7 
11 4.7+0.7 13.7+1.0 
12 6.5+0.8 13.4+0.9 
13 6.2+0.6 








“In units of kcal/mol. 

Estimated by assuming that the association entropy was 10cal/(mol K) more positive than the previous ligand addition. 
*AH'. value, no AH value was generated. 

Estimated by assuming the same association entropy as the previous ligand addition. 


Table 2: Agi (CoH3), 4 + CH4 = Ag! (C3H4), association entropies LASEP 

















m n 
1 2 3 4 5 6 7 

3 23.1+ 26.0+1 28.5+1 19.743 

4 23.3+4 27.442 30.2+1 31.142 

5 24.342 27.842 45.31 23.342 21.142 12.642 

6 35.842 38.541 28.8+1 25.141 20.342 20.743 

7 38.7+ 36.642 26.31 21.341 18.6+2 16.943 18.6+3 

8 30.0+3 29.5+1 23.1+1 26.4+2 27.343 20.8+2 20.443 

9 26.942 29.843 28.6+2 27.341 27.942 25:12 24.642 

10 25.8+2 30.7+2 

11 28.54 26.943 

12 31.342 25.742 

13 32.3+ 











*In units of cal/(mol K). 


Table 3: Ag^(C3Ho), , + C3H6 = Ag! (C3H6), bond dissociation energies (CAH$)". 























M N 
1 2 3 4 5 6 7 8 

3 26.141.0 21.341.5 18.7+0.9 4.9+0.4 4.2+0.8 

4 22.8415 21.0+0.9 18.3+1.1 12.5+0.9 3.8+0.6° 

5 21.6+0.7 19.8+1.0 25.0+1.0 11.3+40.9 9.4+1.0 6.0+0.7® 

6 25.841.2 19.841.1 14.9+1.4 13914 11.1+0.6® 9.8+0.5° 

7 25.1 1.3 20.84- 1.3 14.3 2-0.9 13.14 1.1 12.0+0.3° 10.8+0.3° 8.5+0.2° 

8 19.7+1.0 16.9+0.8 15.2+0.6 12.9+0.6° 11.6+0.3° 10.6+0.5® 836° 

9 19.2+0.8 16.2+0.7 14.54+1.1 13.040.8° 11.2+0.4® 10.2+0.2° 8.5+0.2° ~7.0°° 

“In units of kcal/mol. 





AH, value, no AH$ value was generated. 
“Estimate, values obtained from two data points. 
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Table 4: Ag! (C3Ho),_ + C3H6 2 Ag! (C3Ho), association entropies LAST. 














m n 
1 2 3 4 5 6 7 8 

3 27.5+2 26.4+2 31.141 15.01 18.13 

4 25.743 29.9t1 30.742 29.842 15.143 

5 27.3+1 29.6+2 44.3+1 28.4+2 30.6+3 21.443 

6 33.342 30.342 26.543 30.943 27.842 31.542 

7 334-2 31.542 27.242 29.2+3 30.8+1 32.71 30.51 

8 29.92 29.5+1 32.6+1 30.642 31.341 32.642 ~31.0° 

9 29.6+2 28.742 30.743 31.243 30.6+2 32.641 28.9t1 ~28.5° 








?In units of cal/(mol K). 
"Estimate, values obtained from two data points. 


Agh + C,H, = Ag; (C;H,) 
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Figure 6: Plot of AHọ vs. cluster size (m) for the association reactions Ag’ + Le Agi(L) (m = 3-13, 
L = CH4; m = 3-9, L = C3H6). The curve through the data points is provided to guide the eye. Dashed 
lines indicate the binding energy of the respective alkene ligands to an Ag(1 1 0) surface. 
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Table 5: Natural bond order populations and charges of the Ag; clusters (m = 2-13). 
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0.500 
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0.254 
0.245 
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0.049 


0.184 


0.137 
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0.113 
0.048 


0.136 
0.093 
—0.047 


0.130 
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“Cluster geometries obtained from ion mobility data [43] and DFT calculations. Ag atoms of a given cluster having equal 


charge distributions are identically colored. 


Populations for the 5s atomic orbitals of the Ag atoms of each cluster and the corresponding partial atomic charge. Text 


color corresponds to analogously colored atoms of a given structure. 


*Only populations and charges of atoms having the greatest amount of partial positive charge (shown in black) are given for 


these clusters. 
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To understand the binding interactions of a silver-alkene cluster, we must also 
consider the valence electronic configurations of C2H4 and C3H6. These species are 
well characterized. The HOMOs of CH: and CH, are the n(2py)” bonding orbitals 
that make up the C-C double bond in both molecules. 

A series of DFT calculations performed by Chrétien et al. [74—76] indicate that 
absorption of an electron donating ligand to a coinage metal cluster preferentially 
occurs at the location where the LUMO of the metal clusters protrudes most into the 
vacuum. This location is found on atoms located at “corners” of the metal clusters. 
Additionally, for the entire series of positively charged cluster ions studied here, 
our DFT calculations indicate that the position of the LUMO directly correlates with 
the location of highest partial-positive charge of a cluster. This implies that alkene 
ligand additions to the Ag; clusters occur at the Ag atom carrying the most partial- 
positive charge. 

NBO analysis shows that for the addition of the first m ligands to the Ag; clusters, a 
substantial amount of electron density is transferred from the ligand to the transition 
metal cluster. The exact amount of electron density donated varies with cluster size 
and with the alkene ligand (either C2H4 or C3H6). This electron density originates 
from the np, bonding orbitals of C2H4 and C3H6 and is donated to the LUMO of 
the Ag? clusters, and suggests that the primary silver-alkene binding interaction is 
covalent in nature. 

The interaction of C3H6 with the Ag; clusters is systematically stronger than that of 
C2H4. NBO shows that electron donation from C4Hg to the Ag}; clusters is slightly 
larger than for C,H, for a given value of m. This result suggests the larger BDEs of the 
silver-propene clusters are a result of a slightly stronger covalent interaction. How- 
ever, it should also be noted that C4Hg has both a larger polarizability than C2H4 
(6.3 vs. 4.3 A?) [77] and dipole moment (0.44 vs. 0.0 D according to DFT) indicating 
electrostatic forces also contribute to the differences in the observed binding energies. 

From the theoretical silver-alkene molecular geometries given in Figs. 7 and 8, it 
is apparent that both types of alkene ligands adsorb side-on to the Ag; clusters, 
perpendicular to the silver-alkene bond axis. This orientation allows for optimum 
molecular orbital overlap between the Ag; clusters and the alkene ligands. Addi- 
tionally, the calculated C-C double bond distances for ligands of an Ag} (L), cluster, 
where n & m, are increased slightly compared with that of the free molecules, consistent 
with electron transfer out of a bonding orbital. 

Plots of AG% vs. T provide information as to the manner in which sequential C2H4 
and C3H, additions to the Ag; clusters occur. Plots generated from each system were 
found to fall into one of the two groups. The first group accounts for ligand additions 
to a silver cluster in which all the atoms of the cluster have equal or nearly equal charge 
distributions. For the purposes of this discussion, the Ag; cluster will serve as the 
example for these types of systems. The second group accounts for ligand additions to a 
silver cluster in which the charge is unequally distributed about the atoms of the metal 
cluster. The Ag? cluster will serve as the example for these types of systems. 

Five ligand additions are observed for the Ag; system (Fig. 7). The first four ad- 
ditions have similar BDEs and association entropies (Tables 1—4). However, the BDEs 
do slightly decrease as the number of ligands bound to the cluster increase. The fifth 
ligand BDE is significantly smaller than the first four. From the structure of Ag; and 
the partial atom charges shown in Table 5, it appears that Ag; has four equivalent 
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Figure 7: Theoretical geometries of the Ag; (L), clusters (L = either C2H4 or C3H6) calculated at the DFT 
B3LYP level. Distances are in angstroms. All Ag? — L bond distances are measured from the bonding atom 
of the Ag; ion to the center of the C-C double bond. 





corners. The first four ligands bind to individual corners of the Ag; cluster until none 
remain. Since the four corners of Ag; have similar partial-positive charges, each 
ligand donates similar amounts of electron density to the transition metal cluster, 
although the amount does slightly decrease as the number of ligands bound to the 
metal cluster increases. This decrease is due to increased Pauli repulsion caused by the 
increase in the amount of electron density present on the metal cluster and can be 
observed experimentally by small decreases in the BDEs of the Ag; (L), systems as n 
goes from 1 to 4. 
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Figure 8: Theoretical geometries of Ag? (C2H4), clusters calculated at the DFT B3LYP level. Distances are 
in angstroms. All Ag? — C3H4 bond distances are measured from the bonding atom of the Ag? ion to the 
center of the C-C double bond. C3H6 additions to Agt are analogous to the CH, system. 


A slightly larger reduction in the BDE of the fourth alkene ligand addition to Agf 
relative to the initial three is observed. This indicates that the Ag; (L); clusters may be 
unusually stable structures. The theoretical geometries given in Fig. 7 show that the 
Ag; core ion takes on a slightly bent conformation when the second ligand binds and 
remains that way until addition of a fourth ligand when the metal cluster returns to the 
original planar geometry. DFT indicates that an alternative Ag; (L); conformer exists 
that is energetically degenerate with the structure shown in Fig. 7 in which the Agf 
core forms a tetrahedral structure with three ligands bound. The tetrahedral geometry 
of Ag; is only found to be stable when three ligands are attached and spontaneously 
reverts back to the structure of Ag; (L), shown in Fig. 7 when the fourth ligand adds. 
The increased stability of the tetrahedral geometry of Ag; when three ligands are 
bound may cause the addition of the fourth ligand to be energetically less favorable 
than would be the case if the Ag} core remained in a quasi-planar conformation. 

The data for the fifth ligand addition to Agf could only be taken over a limited 
temperature range for the C4Hg system (145-160 K) and for the C2H4 system only 
a single data point could be obtained. For all association reactions in which n>m 
(Tables 1—4), an increase in association entropy occurs by approximately 10 cal/(mol K) 
relative to the n = m association reaction. This increase indicates that the terminal 
ligand is much more mobile than the previous additions and hence occupies the second 
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solvation shell. Since all the coordination sites on the metal cluster are occupied, the 
ligand is essentially unbound. 

The geometry and valence electron density of bare Ag? is given in Table 5. Six ligand 
additions are observed for the Ag system (Fig. 8). The first two ligand additions to 
Ag; are very strongly bound (Tables 1-4). The association entropies, especially for the 
C-H; system, are also outside the range of typical silver-alkene ligand additions (-20 to 
—30cal/(mol K)). The reasons for the large BDEs and association entropies of these 
additions will be discussed in a subsequent section. The BDEs of the next four ligand 
additions to Agz are significantly reduced compared with the initial two. However, the 
third and the fourth ligands add with similar BDEs as do the fifth and sixth ligands. In 
essence, the six alkene ligands bind to Agz in a “pairwise” manner. 

NBO analysis indicates that there is a large amount of positive charge located on the 
atoms of Ag? where the first two ligands bind. This allows the two ligands to donate 
relatively large amounts of electron density to the metal cluster. There is a large drop 
in the amount of positive charge located on the four remaining Ag atoms of the 
cluster. This gives rise to the reduced BDEs of the final four ligand additions to Agz. 
These ligands bind to the cluster in a region of relatively high electron density and the 
increased Pauli repulsion results in a reduction in the covalent interactions of the 
ligands with Ag’. However, the positive charge found in this region is also unequally 
distributed, with the Ag atoms where the third and fourth ligands bind being slightly 
more positively charged than Ag atoms where the fifth and sixth ligands add to the 
cluster. We believe this pairwise distribution of charge is responsible for the manner in 
which alkene ligands add to Ag}. 


3.2.1. Cluster structures from ligand binding energies 

In the interest of brevity, only the results for the silver/ethene system will be shown 
here. However, all results for the silver/propene system are analogous to the ethene 
system. Others have used ligand attachment to infer metal cluster structure. Usually 
"saturation" experiments are performed and a set of empirical rules used to interpret 
the data [72, 73]. Here, we take a different approach. We have stated that recent 
theoretical work indicates the LUMO on Ag and Au clusters is primarily located on 
"corner" atoms in the cluster [74—76] and that the LUMO location strongly affects the 
charge distribution in Ag}. We have also shown that for electron donating ligands like 
CH. the binding energy at a particular cluster site correlates with the charge dis- 
tribution. Thus, our hypothesis is that measured bond energies will allow us to identify 
equivalent, or near equivalent, “corners” in the clusters and therefore can be used to 
deduce structural information about the cluster. 

A plot of AG% vs. T for the first four CH: ligand additions to Agi is shown in 
Fig. 9. The first three additions form a family, having similar values of AH} and AS7. 
The fourth ligand is much less strongly bound with a more positive value for AS‘. 
These data suggest three similar binding sites for the first three ethene ligands with the 
fourth C,H, occupying a second solvation shell. The data are consistent with the 
triangular lowest energy theoretical structure shown in Table 5. 

There is little ambiguity with the Ag} and Ag; systems. This changes with Ag}. The 
AG7 vs. T data are shown in Fig. 10. Six ligand additions are observed. The first two 
yield similar thermodynamic quantities. The third addition gives values of AH 7. and 
—AS'. that are substantially larger than the previous two additions. The fourth and 
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Figure 9: Plot of AG} vs. temperature data for the Agi /C2H4 system. AH; (kcal/mol) and AS% (cal/(mol K) 
in insert. 


fifth additions form a family of less strongly bound ligands and the sixth ligand 
appears to add in the second solvation shell. Thus, experiment indicates two equiv- 
alent "strong" sites, a third even stronger site not originally available, two weaker 
sites, and then the second solvation shell. 

Two Ag; cluster geometries are shown in Fig. 11. The lowest energy structure has 
four equivalent corners carrying the positive charge and a central atom with essentially 
no charge. The first two additions are consistent with this structure. 


Ag; (C; Hj). + CoH, <> Ag; (C; H4), 
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Figure 10: Plot of AG} vs. temperature data for the Ag? /C2H4 system. The n = 3 data points are shown in 
gray for clarity. AHọ (kcal/mol) and AS’, (cal/(mol K) in insert. 
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Figure 11: Calculated Ag? structures obtained from DFT. Ag atoms with equal charge distributions are 
colored identically for a given cluster. Charges are taken from NBO population analysis. Energies reported 
for the Agt cluster are relative to the D2g conformer (DFT). 


However, the next three additions are not. The second Ag? structure, 17.5 kcal/mol 
higher in energy, is consistent with three strong additions followed by two weak 
additions. The data suggest a structural change upon addition of the third ligand from 
the D54 lowest energy structure to the D3, higher energy structure. Based on the 
measured binding energies, this process becomes exoergic on addition of the third 
C-H; ligand. DFT also indicates that the D3, conformation of Agi becomes the 
minimum energy structure of Ag? when the third ligand binds (by 1.19 kcal/mol for 
C-H; and approximately degenerate for C3H6). The three atoms of the D3, conformer, 
shown in gray (Fig. 11), are highly positively charged. The structural rearrangement of 
Ag; allows for greatly increased covalent interactions with these three ligands. 

NBO indicates that some back-donation from Ag? to the unoccupied x" (2py) or- 
bitals of the alkene ligands takes place. Additionally, calculations show the loss of low 
frequency vibrational modes that are found for most of the other Ag};(L), clusters 
indicating tighter, more ordered bonds. The strengthening and tightening of all three 
ligand bonds is responsible for the highly negative value of AS% and the large BDE for 
loss of the third ligand. Note that the D3, structure cannot be the initial gas-phase 
structure since we would have seen a family of three similar additions for the first three 
ligands. 

In order to test this interpretation, Ag? was ligated with CH4, a more weakly 
binding ligand than C2H4. In this case, the first four ligands have similar binding 
energies and entropies while the fifth occupies the second solvation shell. These results 
are entirely consistent with the lowest energy Doa Ag? structure, which has four 
equivalent binding sites and with the fact that CH, ligation energies are too weak to 
induce structural isomerization of Ag?. 

For Ag and Ag;, the number of observed C5H, additions equals the number of 
atoms in the two clusters, respectively. In both systems, the first two C,H, ligands are 
strongly bound. For Ag;, the final five additions yield similar AH} and AS% values. 
As previously mentioned for Ag?, the final four ligands bind to the cluster in a 
pairwise manner. Hence, the experiment predicts that there are three sets of two 
equivalent binding sites for Ag? and a set of two and a set of five equivalent sites for 
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Ag}. For both Ag? and Ag; (Table 5), DFT indicates that the two atoms that lie 
above and below the planar region of the clusters have relatively high partial-positive 
charge. The planar region of Ag; is a pentagon, consistent with five equivalent ad- 
ditions of C2H4. In Agi, the four planar Ag atoms of the cluster are not equivalent. 
The electron density 1s asymmetrically distributed giving rise to two, distinguishable 
pairs of Ag atoms. The experiment is again in excellent agreement with the DFT 
calculations indicating that the planar region of Ag? does not comprise four equiv- 
alent atoms. 

The BDEs of the first alkene ligand additions to the Ag; clusters (m = 1-13 for 
C,H, and m = 1-9 for C3H¢) are plotted as a function of silver cluster size (m) in 
Fig. 6. The BDEs of the first ligand additions decrease as m increases. The Ag? and 
Ag; systems are exceptions to this trend. The BDEs for the loss of a ligand from 
Ag; 7(L) are comparable to those for the Ag; systems. Some deviation from the trend 
is also observed for CH, additions to the larger silver clusters. The BDEs for loss of a 
ligand from Agh 13(C2Ha) are slightly larger than for the Aghi systems. However, 
the differences in the BDEs of these systems are quite small (< 2 kcal/mol). 

In order to understand the observed bonding trend, the electron distributions of the 
Ag clusters must be examined (Table 5). The strongest silver-alkene bond formed is 
observed for the monomer systems. Here, the n(2py) electron density is donated from 
the alkene ligand to the unoccupied 5s orbital of Ag". The amount of positive charge 
the first ligand encounters at the binding site is +1. For the dimer, a single electron 
occupies the o(5s) orbital of the cluster. The amount of positive charge that the first 
ligand encounters at a binding site is reduced to +0.5 due to symmetry. Each ad- 
ditional increase in the size of a silver cluster (by adding on Ag atom) results in one 
additional electron that is distributed in some manner about the atoms that comprise 
the cluster. The additional electron density usually reduces the amount of positive 
charge at the atomic center encountered by a ligand attempting to bind to the cluster. 
The result is a systematic decrease in the covalent interactions of the Ag clusters with 
the alkene ligands as the cluster size (m) increases. 

The explanation for why the Ag? and Ag? systems break from the trend can be 
found by examination of Table 5. Ag? and Ag; are the first bare silver clusters to have 
3-D geometries. The onset of 3-D conformations brings about an interesting shift in the 
electron configuration. NBO indicates that the valence electron density is mainly dis- 
tributed about the four atoms shown in red and green for Ag? and about atoms shown 
in red for Ag}. This leaves the two remaining Ag atom of both clusters highly positively 
charged. The amount of positive charge encountered by a ligand binding to one these 
sites is intermediate between the Ag} and Agi systems and leads to the relatively large 
BDEs of the first (and second) ligand additions to Ag? and Ag}. As with the Ag? (L); 
clusters, calculations indicate that back-donation from Ag? and Ag} to the unoccupied 
x" py) orbitals of the alkene ligands also plays a role in the bonding. This contributes 
to the highly negative AS% values of these association reactions. 

Although the structures of the larger Ag; clusters (8 <m< 13) are also 3-D, no large 
concentration of positive charge is found on the atoms of these clusters. Instead, the 
electron density of these clusters is distributed somewhat evenly about all the atoms 
leading to the observed decline in the BDEs of the first ligand additions. 

Information about the approach to bulk-phase properties of silver can also be 
extracted from the plot in Fig. 6. It 1s clear from the graph that the BDEs of the first 
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ligand additions to the clusters are asymptotically approaching some value. The energy 
required to remove a C4Hg and a C-H; ligand from an Ag(110) surface has been 
measured to be approximately 12 kcal/mol [78] and 10 kcal/mol [79], respectively. For 
AgJ, the BDE for loss of the C3Hg ligand is still larger than the value for propene 
desorption from bulk silver and the BDE for Agi, for loss of CHA is also larger than 
the value for ethene desorption. However, the Ag systems are rapidly nearing these 
values by the time the ninth (thirteenth) cluster is reached. This implies that the Ag,, 
clusters may arrive at their bulk-phase properties fairly quickly, most likely at sizes 
of tens of atoms rather than at sizes of hundreds or thousands of atoms. How- 
ever, deviations from the trend shown in Fig. 6 cannot be ruled out at some larger Ag,, 
cluster size. 





3.3. Au (C2H4), (m = 1-9) association reactions 

The results for the gold clusters will be discussed more briefly since there are many 
similarities with the silver clusters. Only results for the ethane addition will be given 
here. 

Binding energies (AH7.) and association entropies (AS7.) were measured for each 
sequential ligand addition. These values are given in Tables 6 and 7, respectively. The 
structures consist of an Au; core ion surrounded by largely unperturbed C2H4 ligands 
(Fig. 12). 


3.3.1. Polyatomic gold cations 

Au; is the first gold cluster where multiple conformations are possible. As such, the 
Aui system serves as a prototype for the analysis of the larger Au; clusters. First, the 
transition metal core ion geometries must be determined to correctly characterize their 
interactions with any ligating species. Second, the binding interactions of Au; with 
C3H, establish a pattern that is essentially followed by the larger Au; clusters dis- 
cussed below. Both aspects were investigated using the measured thermodynamic 
values in combination with ab initio calculation for each of the Aut (m = 3-9) clus- 


m 


ters. Five C2H4 ligand additions are observed to bind to Auf. The first three ligands 





Table 6: Au! (CoH4),. , + C2H4 2 Au} (C2H4), binding energies GANZ. 


m 





m n 




















1 2 3 4 5 6 7 
1 60° 

71.24+2.5° 59.64-2.8 13.44-0.5 3.7+0.8 
3 41.642.7 44.0+1.0 31.3+0.5 6.5+0.6 ~3.04 
4 41.14+4.0 42.6414 32.1+0.7 21.8+0.7 8.9+0.7 6.2+0.7 
5 39.6+2.8 36.4+1.3 31.4+1.0 26.2+1.0 20.0+1.0 
6 36.4+2.0 31.5+0.7 27.3+1.0 24.440.7 20.4+1.0 18.840.6 ~4.54 
7 41.4+1.5 31.8+1.1 30.04- 1.5 2291.5 19.2+1.0 20.2+0.8 ~4.54 
8 30.7+0.7 31.5+1.1 29.4+0.9 23.341.0 20.9+1.0 14.1 13.5 
9 28.040.7 





“In units of kcal/mol. 

Estimated lower limit. 

“Estimated upper limit. 

4Estimate, values obtained from two data points. 
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Table 7: Au! (CoH4), , + C2H4 2 Aus; (C2H4), association entropies (AS. 


m 




















m N 

1 2 3 4 3 6 7 
1 - 45.24 26.242 14.9+3 
3 26.5+3 36.042 34.91 16.03 ~8.5° 
4 31.0+5 37.242 37.642 32.342 26.44 21.044 
5 292-4 30.142 35.942 37.9+2 43.143 
6 28.243 32.1+2 31.8-2 35.041 36.343 38.0+2 ~15.0° 
7 33.93 36.242 37.643 36.7+4 32.643 40.0+2 ~15.0° 
8 29.9+1 36.741 38.142 32.2+2 34.7+3 28.6 729.0 
9 29.71 








“In units of cal/(mol K). 
"Estimate, values obtained from two data points. 


bind with similar strength and association entropies to Auf. A large drop in binding 
energy is observed for the relatively weakly bound fourth and fifth C,H, additions 
along with more positive values of AS}. Therefore, the experimental data suggest that 
Aui comprises three equivalent binding sites. 

The bare Au} geometry has been reported to be an equilateral triangle by 
Kappes and co-workers [42]. DFT predicts that the “corners” of Au? are electron- 
ically equivalent, meaning here that they carry equal amounts of partial positive 
charge. This is in agreement with the thermodynamic data reported here. The 
weak binding energies and relatively positive association entropies of the fourth and 
fifth ligand additions indicate that bonding occurs in the second solvation shell 
of Aui. These findings are also in agreement with the work of Fielicke et al. [56] in 
which Auf is found to be saturated by the addition of three CO ligands at relatively 
high CO partial pressures. The results of the Kappes group were used as the 
basis for our own DFT calculations to determine NBO populations for all the Au,, 
(m = 3-9) clusters. These results are given in Table 8 along with the bare gold cluster 
geometries. 

The interpretation of the binding energy trends for ligand addition to Auf and Auf 
is similar to Ag? and Ag}. However, five strong ligand additions to Au? are observed 
(Table 6). All of the C,H, ligands bind with roughly similar values of AS7. (Table 7) 
and a systematic decrease of approximately 5 kcal/mol in binding energy is observed 
for each sequential C,H, addition after the second. 

The bare cluster geometry of Aut is a “bow tie" (Table 8). DFT calculations predict 
that the cluster has four, electronically equivalent corners. The fifth “central atom" of 
Auf is essentially neutral and not considered to be a binding site. Thus, four equiv- 
alent C,H, additions are expected for this conformation of Au. Clearly, this is not 
consistent with the thermodynamic data. 

In order to resolve this disagreement, a series of DFT calculation was performed in 
which multiple conformation of Au? were ligated with CH, to determine the min- 
imum energy Au? (CHA, (n = 1-5) cluster geometries. The results indicate that the 
first four ligands do, in fact, add to the corner atoms of the Daa structure reported by 
the Kappes group (Fig. 12). When a fifth ligand adds to the Daa Au? conformer, DFT 
suggests that it coordinates in the second solvation shell. This second solvation shell 
addition of the fifth ligand is not consistent with the experimental data, which in turn 
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Figure 12: Theoretical geometries of Aut (C2 H4), clusters calculated at the DFT B3LYP level. 


suggests that the structure of Au? changes when the fifth ligand adds in order to 
accommodate this ligand in the first solvation shell. Figure 12 shows two possible, 
energetically degenerate conformations of the Au? (C2H4); cluster. Both structural 
rearrangements of the Auf core allow the fifth atom of the cluster to be accessed as a 
binding site for a C,H, ligand. However, it should be noted that the DFT energies of 
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Table 8: Natural bond order populations and charges of the Aus; clusters (m = 3-9). 
m Structure? Symmetry Populations? Charges? 
3 Dap 0.707 0.333 
x 
\ 
e 
4 e. Do, 0.753 0.29 
Ze, 0.843 0.21 
e ~ 
5 Dan 0.744 0.246 
1.005 0.015 
6(a) Coy 0.839 0.218 
0.804 0.200 
0.910 0.147 
0.981 0.071 
6(b) Cy 0.788 0.270 
0.856 0.259 
0.944 0.124 
0.967 0.112 
7 Don 0.888 0.152 
Gr 0.948 0.090 
8(a) Gs 0.862 0.180 
0.905 0.143 
0.937 0.128 
0.952 0.097 
0.997 0.064 
8(b) C, 0.833 0.204 
0.892 0.147 
0.914 0.128 
0.981 0.080 
9 C» 0.814 0.211 
[A \ 0.900 0.140 
LN SS 1.005 0.067 
MN 1.016 0.048 


p^ 
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both of these Au; (C2H4); conformers are similar to that of the fifth C,H, addition to 
the second solvation shell of the Daa Au? isomer. All three Au? (C2H4); structures 
differ in energy by approximately 3 kcal/mol. 

In order to test our interpretation of the data, Auf was ligated with CH,. The 
experiment was conducted at very low temperatures and high CH, pressures to 
determine the saturation number for Auf with a weakly binding ligand such that the 
ligation energetics would not be sufficient to facilitate structural rearrangement of the 
transition metal core. The experiment did, in fact, show that four ligand additions to 
Aui was the dominant peak in the mass spectrum, as expected from the structure of 
Au; reported by the Kappes group. All these results are also consistent with those 
reported by Fielicke and co-workers where a saturation number of four was rapidly 
obtained for CO ligands adding to Auf [56]. However, the system did go on to add a 
fifth ligand more slowly at higher CO pressures. This result was also interpreted as a 
possible structural rearrangement of Auf. 

A summary of the results for the Aug /C2H4 system is given in Tables 6 and 7. Seven 
ligand additions to Aug were observed. The first six C2H4 ligands bind with roughly 
similar values of AS‘, and a systematic decrease of approximately 4kcal/mol in 
binding energy is seen for each sequential addition. The seventh ligand binds signif- 
icantly more weakly to Auf and has a much more positive association entropy. 

The Auf cluster is especially interesting because its bare gas-phase conformation 
could not be unambiguously determined by ion mobility and DFT. The Kappes group 
reported two possible structures for Au? whose cross-sections are essentially the same 
and that are energetically degenerate according to DFT. Both structures are shown in 
Table 8. 

Initially, the thermodynamic data for the Au? /C2H4 system seem to support the 
triangular conformation of Aug. However, upon closer inspection, this turns out not 
to be entirely true. A series of DFT calculations were carried out in which C,H, 
ligands were sequentially added to both Auf conformers and indicated that the first 
five CyH, additions to conformer Auf (a) are lowest in energy. The sixth ligand was 
added to conformer Auf (a) in the second solvation shell, inconsistent with the ex- 
perimental data. The sixth ligand addition to the triangular conformation of Aug does 
form a bond in the first solvation shell; however, this conformation of Aug (C2H4)6 is 
considerably higher in energy (16.58 kcal/mol) than the alternate, 3-D Au; geometry 
with six bonded C3H, ligands also shown in Fig. 12. This 3-D conformation of Auf is 
similar to the structure that has been reported for Ag; [43]. These results indicate that 
conformer Au; (a) (Table 5) may well be the nascent geometry of Au? but that the 
cluster probably undergoes a conformational shift to the 3-D structure driven by the 
ligation energetics of the sixth C,H, addition. 

To test this, CH, saturation experiments were again performed with Auf. A sat- 
uration number of five CH4 additions to Auf was observed, consistent with our 
interpretation of the Aug /C2H4 data. These findings are again in agreement with what 
has been reported by Fielicke et al. [56] where a saturation number of five is rapidly 
obtained for CO ligands adding to Au? and a sixth ligand adds more slowly at higher 
CO pressures indicating a possible structural rearrangement of Auf. 

Seven C,H, additions to Au? are observed. The binding energies form an interesting 
pattern. The first addition binds relatively strongly to Au7. The second and third 
additions bind with similar AH and AS. values. There is a drop in binding energy of 
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approximately 11 kcal/mol for the second addition compared with the first. The 
fourth, fifth, and sixth ligands addition bind more weakly to Au7 with similar ther- 
modynamic values and the seventh ligand binds even weaker than the previous three 
with a more positive value of AS7. 

The ion mobility/DFT structure of Au} is shown in Table 8. Au; is a hexagon with 
one Au atom coordinated at the center of the six-member ring. The thermodynamic 
data suggest that six ligands bind to Auf in the first solvation shell and that the 
seventh ligand begins the second shell. This is consistent with the symmetric geometry 
shown in Table 8. However, the data also show that the first six C,H, additions can be 
separated into three distinguishable families and this is not in agreement with the 
highly symmetric geometry of Au;. 

The nonequivalent bonding of the six CH, ligands suggests that the structure of the 
Au? cluster may change as a result of ligand addition. Consequently, DFT calcu- 
lations were carried out in which C,H, ligands were added to multiple conformations 
of Aus, including the unligated gas-phase structure, in order to determine a series of 
minimum energy structures. The minimum energy conformation of the Au (CoH4) 
cluster (Fig. 12) is obtained by geometric rearrangement of the transition metal core 
ion into a 3-D structure. This structure is predicted by DFT to be 1.91 kcal/mol higher 
in energy than the Den isomer when no ligands are bound to either conformer. The 
3-D conformation of Auf has also been reported to be the minimum energy theo- 
retical geometry of the Au? (CO) cluster [80]. Thus, DFT indicates that a change in the 
structure of Au; occurs when the first C;H4 ligand binds. 

Although the structural rearrangement of Auf can be used to rationalize the non- 
equivalent bonding of the system, a new problem arises. Namely, the 3-D confor- 
mations of Au; contains seven binding sites for C,H, addition. This is not in 
agreement with the experimental data that indicate six ligand-binding sites and a 
seventh ligand addition in the second solvation shell. To address this issue, calcula- 
tions of Auf(C>H,), clusters using multiple Auf geometries were continued for ligand 
additions beyond the first C2H4. These DFT results indicate that when the third C2H4 
ligand binds, the original bare cluster geometry of Auf re-emerges as the minimum 
energy conformation. This implies that a second structural rearrangement occurs that 
shifts Auf back to its original geometry when the third ligand adds. Furthermore, 
subsequent ligands seem to bind to this conformation of Au}. 

The multiple ligation-induced conformational shifts of Auf are consistent with the 
families of ligand additions observed in the thermodynamic data. DFT indicates that 
the first C2H4 ligand binds strongly to the minimum energy 3-D Auf isomer. The 
subsequent drop in binding energy observed for the second ligand addition is quan- 
titatively reproduced by theory. When Au; returns to its original geometry, DFT 
reproduces the drop in the binding energy of the fourth ligand addition and indicates 
that the fifth and sixth ligand binding energy will be similar to the fourth. 

Seven C,H; ligand additions are observed to Aug and form a 3:2:2 pattern. The last 
two ligands are bound much more weakly than the first five but still appear to be in the 
first solvation sphere from analysis of the experimental AS} values associated with 
each of the two additions. 

The Aug system is obviously complex and the most we can say is that the present data 
are consistent with the planar form of the Aug core (Table 8). Seven ligands should add. 
NBO predicts two strong C,H, bonds, three somewhat weaker bonds, and finally two 
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quite weak bonds. This agrees well with the observed experimental binding energies. We 
were unable to fully saturate Au; with CH, to test for the nascent 3-D structure nor 
were calculations with serial C,H, additions successful. Multiple C2H4 coordination 
sites gave essentially degenerate ligation energies for later additions and identifications 
of a preferred structure became impossible. In the case of Aug (C2H4), for example, 
three structures were found that differed in energy by approximately 1kcal/mol. 
Consequently, only the minimum energy Au; (C2H4) structure is shown in Fig. 12. 


3.4. Conclusions 

Here, we have sought to demonstrate the rich chemistry inherent to coinage metal 
clusters (Ag, Au) in the gas phase. Systematic investigation into the interactions of 
these clusters with small catalytically relevant ligands, including but not limited to 
ethene and propene, has revealed some of the underlying information necessary to 
elucidate the nature of their catalytic properties. Specifically, some of these findings 
include the binding energies and association entropies for sequential clustering of 
alkene ligands to MII ~ (m«14) clusters (M = Ag, Au). The ligand binding is unique 
to each metal cluster of a given size (m) and is governed by the electronic environment 
of the transition metal core ion. The primary binding interaction of the metal/alkene 
clusters is electron donation from the n(2p,)” orbital of the ligands into the LUMO of 
the M7/- clusters. In all systems studied, the location of the LUMO of a given M?/- 
cluster directly correlates with the position of the metal atom of the cluster having the 
highest partial positive charge. Additions of alkene ligands to M} (L)„ clusters where 
n>m and to some of the smaller anionic clusters (m «9) yield bonds that are essen- 
tially purely electrostatic (second solvation shell). 

Global structures of gas-phase silver and gold cationic clusters can be obtained from 
sequential addition of ligands. These structures are consistent with theory. The 
method is also sensitive to ligand-induced changes in bare cluster conformations and 
results can be fine tuned by changing ligands and hence, ligand binding energies. 

The binding energies of the first alkene ligand additions to Ag), were plotted as a 
function of cluster size. With the exception of the Agi clusters, the BDEs for loss of 
the ligand from the Ag; clusters decrease as the size of the cationic silver clusters 
increase. These trends are attributed to a reduction of the affect of the charge of the 
metal clusters. The trends suggest that the binding energies of the Ag’, clusters ap- 
proach their bulk-phase values for m — 10's of atoms rather than 100's of atoms. 

A similar trend was observed for the anionic clusters Ag,, where the binding energy 
of the first ligand addition increased with cluster size (data not shown). Both trends 
(Ag; ~) approach the binding energies of C2H4 and C3Hg to the bulk silver surface. 


4. Au; AND Ag; DEPOSITED ON TiO;(110) SURFACES UNDER 
SOFT-LANDING CONDITIONS 


4.1. Introduction 

The catalytic activity of supported Au is currently explained in the literature from 
various positions ranging from strong interaction with the support to unique prop- 
erties of the Au related to its nanoscale size [9, 81-83]. The most common method for 
studying the size dependence involves the use of model catalysts under UHV 
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conditions where Au nanoclusters are formed by vapor deposition from a gold source 
[9, 84-86]. Gold deposited in this way is known to sinter into large clusters of tens of 
atoms, and the less gold deposited, the smaller the resulting cluster size [87-91]. By 
controlling the amount of gold deposited, one can have some control over the size of 
the resulting cluster, but this is far from atom-by-atom control. Studying reactions 
occurring on these model catalysts having such a wide size distribution makes an 
atomistic model of the catalysis difficult. 

A considerable improvement was made by the work of Heiz et al. [92] who prepared 
a model catalyst containing mass-selected clusters (all clusters in the system had the 
same number of atoms). This methodology has been used by Schneider, Heiz, and co- 
workers [14, 92-95] to do beautiful work on several systems. Heiz and co-workers 
showed that the activity in CO oxidation for Au, clusters (n « 20) on MgO increases 
dramatically for Aug and peaks around Aus [14]. Anderson and co-workers have 
performed room temperature CO oxidation over mass-selected Au clusters on titania, 
and found oscillations in activity, with activity occurring for clusters as small as three 
atoms in size, with a sharp increase in the catalytic activity for clusters of >5 atoms 
[96, 97]. In these few existing studies, using mass-selected clusters, an important piece 
of information is missing. No direct measurement of the size and shape of the nano- 
clusters were performed before or after the reaction. This information is critical to the 
development of an atomistic model of the catalysis, and is possible using atomic- 
resolution STM. Cluster size, shape, and binding site are probed directly by the STM. 


4.2. Scanning tunneling microscopy of TiO; 

The clean titania surface appears in STM on a large scale (Fig. 13a) to consist of 
terraces a few hundred angstroms wide, and steps measuring ~3 Ain height, the latter 
of which is in agreement with the expected step height for the rutile titania (1 1 0)- 
(1 x 1) surface [98]. On a smaller scale (Fig. 13b), alternating bright and dark rows are 
visible, separated by ~6.5 A. The consensus in the literature is that the bright rows are 





Figure 13: STM images of the clean surface: (a) on a larger scale (500A x 500 A) terraces and step edges are 
visible, (b) on a smaller scale (90 A x 90 A) fivefold-coordinated Ti atom rows and bridging O atom rows are 
visible, as well as bright defect features between Ti atom rows. 


180 S.K. BURATTO ET AL. 


fivefold coordinated titanium (5c-Ti) atom rows, while the dark rows are bridging 
oxygen atom rows [99]. The surface of titania following annealing in UHV also con- 
tains defect sites. The most discussed and most prevalent defects appear as bright spots 
between the 5c-Ti rows. Typically, these features have been assigned as bridging 
oxygen vacancies [99]; however, work by Suzuki et al. [100], and most recently by 
Wendt et al. [101], suggests that oxygen vacancies can convert to hydroxylated sites 
even in UHV due to the partial pressure of water present. The assignment of the bright 
features between the titanium atom rows using STM alone can be difficult due to the 
subtle differences between the two features. Previously reported by Schaub et al. [102], 
the features that were assigned to vacancies were thought to be slightly brighter than 
the features assigned to hydroxyls, though recently this assignment has been reversed 
[101], as the brighter features are now assigned to hydroxyl groups. Since the back- 
ground of water in UHV is believed to cause the formation of hydroxyls, it is rea- 
sonable to assume that the exact percentage of hydroxyls on the surface is expected to 
change over time. It is important to note, however, that immediately prior to cluster 
deposition, the surfaces discussed here are briefly flashed to ~1000K, therefore any 
hydroxyls on the surface at this point will be at least temporarily removed, as the 
desorption temperature of these species has been shown via thermal desorption to be 
~500 K [103]. Interpretation of the bright features apparent between titanium atom 
rows after cluster deposition becomes even more difficult, since the clusters may alter 
the electronic nature of the surface. In our experiments, we assume that all OH groups 
are desorbed prior to metal deposition. In addition, STM experiments are performed 
within 3 h of the exposure to metal in vacuum in the 10 !? Torr region. We believe that 
under these conditions, the number of OH groups bound to vacancies is small. 


4.3. Au; (n = 1-8) on TiO,(1 10) 

Figure 14 shows the results of the deposition of Au? on TiO,(1 1 0). Figure 14A shows 
large clusters on the surface resulting from the deposition of Auf. A magnified region 
of this image, shown in Fig. 14a, reveals that there are no small clusters on surface. 
These observations indicate that Au, monomers are highly mobile on the rutile sur- 
face, leading to aggregation into larger clusters. Figure 15a shows a broad height 
distribution for the deposition of Au atoms with an average value of 4.3 A (Fig. 16) 
and a standard deviation of 1.7A. This result is similar to that observed from Au 
vapor deposition in the coverage region of 0.013-0.08 ML [87]. These sintered clusters 
have an average lateral diameter of 14.8+3.9 A, which indicates that an average 
cluster contains tens of atoms. 

Figure 14B-H shows STM images taken after the deposition of Aus to Aug, 
respectively. In contrast to the monomer deposition, large, sintered clusters are rarely 
observed. Instead, a high density of very small clusters is seen (Fig. 14b-h), implying 
limited mobility on the surface. The amount of metal on the surface was calculated from 
the incident flux and compared with that determined from the STM images, giving 
reasonable agreement. The height distributions of Au} (n = 2-8) are much narrower 
relative to that found in the case of the Au, deposition, as shown in Fig. 15. 

The nearly uniform height and the preference for certain adsorption sites suggest 
that the dominant adsorbed Au; (n = 2-8) clusters remain intact during landing. 
As shown in Fig. 16, the average heights for Au», Aus, and Au, clusters are 1.6 -- 0.5, 
1.54 0.2, and 1.7 0.2 A, respectively, suggesting that adsorbed Au», Aus, and Au, 
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Figure 14: STM images 150À x 150À (uppercase letters) and 50À x 50À (lowercase letters) of the same 
surfaces, respectively. The bright spots are the clusters. The bright stripes in each image are the fivefold- 
coordinated Ti atom (5c-Ti) rows separated by the bridging oxygen rows which are dark [104]. The dim spots 
that appear on the bridging oxygen rows are bridging-oxygen vacancies [100, 105-107]. (A/a) The TiO, 
surface after the deposition of Au,; (B/b) the same for Aus; (C/c) the same for Aus; (D/d) the same for Aug; 
(E/e) the same for Aus; (F/f) the same for Aug; (G/g) the same for Au;; and (H/h) the same for Aus. 


lay flat on the surface. In contrast, the clusters of Aus, Aug, Au;, and Aug have an 
average height of 2.6+0.6, 2.3+0.7, 2.80.7, and 2.7+0.9A, respectively. This 
suggests that these clusters bind to the surface such that some of the atoms in the 
cluster are away from the surface. This is indicative of a tilted or bi-layer structure for 
these clusters. 

Insight into the binding site and detailed structure of the adsorbed cluster can be 
gleaned by comparing the atomically resolved STM image of an isolated cluster with 
structures obtained from DFT calculations. In STM, we obtain the position of the 
cluster relative to the 5c-Ti rows and the bridging O rows, the height of the cluster, and 
the lateral size of the cluster including any asymmetry. It is worth noting that the 
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Figure 15: The cluster height distributions of deposited Au, (n = 1-8) on TiO (1 10) surface. 


position and height for each cluster is measured with high precision. The lateral size, 
however, is a convolution of the tip diameter and the cluster size. For very small 
clusters (n< 5), the tip diameter dominates and the lateral size of the spot in the STM 
image does not adequately represent the size of the cluster. For larger clusters (n2 4), 
it is possible to observe relative changes in the lateral size from one cluster to the next. 


4.3.1. Structures of Au, (n = 1-7) on TiO>: comparing DFT structures with STM 
In the DFT calculations, the desorption energy is maximized for all possible isomers 
of a given cluster on both the stoichiometric and reduced surfaces as described in 
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Figure 16: The average cluster heights of Au, (n = 1-8) on TiO»(110)-(1 x 1) surface. The dashed lines 
indicate heights expected for various gold layers in the cluster. 


Section 2. The desorption energy (De) is displayed in the figures as a positive value. The 
desorption energy is numerically equal to the surface binding energy with opposite sign. 
To understand the trends in our data, it 1s important to remember that the larger the 
desorption energy, the more stable the structure on the surface. 

Figure 17a and b shows STM images of the two types of Au» clusters bound to the 
surface. As mentioned above, all of the Au, clusters measured 1.6+0.5Ä in height, 
indicating that they lay flat on the surface. The cluster shown in Fig. 17a 1s centered over 
the 5c- Ti row. This cluster is indicative of 78% of the more than 100 clusters observed 
in our experiments. The remaining 22% of the clusters appear centered over the bridging 
O rows (as seen in the image of Fig. 17b). The difference between the clusters of 
Fig. 17a and b suggests at least two different binding sites for Au» on the surface. 

Detailed insight into the binding of Au, clusters on the surface is obtained from 
DFT. The lowest energy structures for Au, bound to the stoichiometric and reduced 
surfaces are shown in Fig. 17c and d, respectively. The cluster bound to the stoi- 
chiometric surface shows the gold dimer bound to the bridging oxygen atoms in 
adjacent rows with the center of the cluster over the 5c-Ti atom row. The STM of this 
cluster would be one layer of atoms tall and would be centered over the 5c-Ti rows, 
similar to the image of Fig. 17a. The lowest energy DFT structure for the reduced 
surface (Fig. 17d) shows the gold dimer bound over the vacancy, flat on the surface, 
and centered over the bridging O row. This structure is consistent with the STM image 
of Fig. 17b. Of the two DFT structures, the dimer bound to the vacancy has a binding 
energy 0.27eV higher than the dimer bound to the stoichiometric surface. Based on 
this difference, one expects that if the Au» clusters are free to diffuse on the surface 
then all of these clusters would be bound to vacancies and exhibit an STM image 
centered over the bridging O rows. Based on our experimental data, however, most of 
the Au, clusters are centered over the 5c-Ti rows, this suggests that the Au» clusters are 
not mobile on the surface and that most are bound to the stoichiometric surface. 
Furthermore, the fraction of clusters bound to the reduced surface is close to the 
amount one expects from a statistical distribution. The fraction of clusters bound to 
vacancies is approximately equal to the probability of landing near a vacancy 


184 S.K. BURATTO ET AL. 





7896 22% 


[001] 


[110]] 





D,- 1.06 eV D,- 1.32 eV 


E (0) AT JD Au J O-vacancy 


Figure 17: Comparison of STM images (4 x 4 nm?) and the lowest energy structures predicted by DFT for 
adsorption structures of Au». 


suggesting that the Au» clusters have very limited mobility on the surface and bind 
close to where they land. 

In the case of the deposition of Auf, only small, identical features are observed in 
the STM images as shown in Fig. 18. These features are predominantly (79594) 
centered above the 5c-Ti rows (Fig. 18a). Only 3% of the features are observed over 
bridging O rows. An example of one of these clusters is shown in the STM image of 
Fig. 18c. 

We also observe a very small fraction (2%) of the clusters centered between the 5c-Ti 
and bridging O rows. An example of this type of STM spot is given in Fig. 18b. The 
lowest energy structure on the stoichiometric surface determined via DFT (shown in 
Fig. 18d) shows ligation to two bridging O atoms on adjacent rows with the center Au 
atom in between. An STM image of this structure would be centered over the 5c-Ti 
row, similar to the image of Fig. 18a. It should be noted that the DFT structure 1s not 
linear, but slightly buckled. This center atom has a bond angle slightly larger than 
120°. All of the STM images of Au; clusters on the TiO;(1 1 0) surface are the same 
height and attributed to a cluster that is flat on the surface. It is possible that the slight 
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Figure 18: Comparison of STM images (4 x 4 nm?) and the lowest energy structures predicted by DFT for 
adsorption structures of Aus. 


buckling of the center atom is not observed because the large electronic contrast in the 
STM dominates the small height difference. 

The lowest energy structure for an Au; cluster on the reduced surface is linear and 
has either one of the end atoms bound to the vacancy (see Fig. 18e) or the center atom 
bound to the vacancy (see Fig. 18f). An STM image of the structure of Fig. 18e would 
be centered between the 5c-Ti and bridging O rows, similar to the image of Fig. 18b. 
An STM image of the structure of Fig. 18f would be centered over the bridging O row, 
similar to the image of Fig. 18c. The desorption energy for either structure on the 
reduced surface is higher than that for the stoichiometric surface by a minimum of 
0.21 eV implying that the Aus clusters should all be bound to the O vacancies. Just as 
the case of Au, clusters bound to the surface, we do not observe the majority of 
clusters bound to vacancies. STM images attributed to Aus clusters bound to the 
stoichiometric surface (Fig. 18a) dominate the statistics. In addition, the fraction of 
Aus clusters bound to vacancies (Fig. 18b and c) is much smaller than the probability 
that a gas-phase Auj lands near a vacancy. This suggests some additional driving 
force for binding to the stoichiometric surface other than simple probability. 

An important point to note regarding the deposition of Au; is that the shape of the 
trimers bound to the surface is different than the gas-phase structure of the trimer 
cation, which is an equilateral triangle as described in Section 3. The cluster shape is 
thus modified by binding to the surface, especially in the case of binding to an O 
vacancy, and the ultimate shape of the cluster is determined by surface ligation either 
to the bridging O atoms or to an O vacancy. 
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Figure 19: Comparison of STM images (5 x 5 nm?) and the lowest energy structures predicted by DFT for 
adsorption structures of Aus. 


The effect of surface ligation on the cluster shape is most dramatic for Aus clusters. 
Figure 19 shows the three types of STM images observed following the deposition 
of Auf. 

Figure 19a shows two clusters centered over the 5c-Ti rows, each with a height of 
~2.5 A. These images are taller than any of the images observed for Aus, Aus, and Au, 
by more than 1A (see the line trace through the center of bottom cluster in Fig. 19d). 
The largest percentage of the clusters (68%) are similar to the clusters of Fig. 19a. 
Clusters of this type have an image centered over the 5c-Ti atom rows and are 
2.6--0.6 Å in height. Figure 19b shows an example of a cluster centered over the 5c-Ti 
row with a height of ~1.5 A. This image is representative of approximately 17% of the 
clusters on the surface. Clusters of this type have an image centered over the 5c-Ti 
atom rows and are 1.7+0.5A in height (see the line trace through the center of this 
cluster in Fig. 19e). Finally, we also observe tall clusters (2.5 A) centered over the 
bridging O rows. An example of this type of cluster is shown in Fig. 19c. This cluster is 
representative of the remaining 15% of the clusters on the surface. Clusters of this type 
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have an image centered over the 5c-Ti atom rows and are 2.6+0.8 Ain height (see the 
line trace through the center of this cluster in Fig. 19f). 

The multiple types of STM images seen for Aus clusters on the TiO;(1 10) surface 
implies that there are multiple structures adopted by the bound Aus clusters. Insight 
into these structures can be obtained from DFT. For Aus clusters bound to the 
stoichiometric surface, two low energy structures are obtained. The lowest energy 
structure is shown in Fig. 19g. The geometry of this structure, while it is quite dis- 
torted, is reminiscent of the gas-phase structure of Auf. In the gas phase, Au? has a 
bow tie shape as seen in Table 8. Rotation of an Au dimer about the central Au atom 
has a small barrier of 0.03 eV [42]. The surface structure of Fig. 19g is derived from a 
90° rotation of an Au dimer about the central atom in the bow tie, a structure similar 
to the structure of Ags in the gas phase as seen in Table 5 (heretofore known as the 
3-D bow tie structure). In Fig. 19g, the 3-D bow tie Aus cluster is bound to the 
stoichiometric surface such that three of the four corner Au atoms are bound to 
bridging O atoms: two on the same bridging O row and the other on an adjacent row. 
Three of the four ligation sites of the Au, cluster are occupied in binding this cluster 
and the fourth corner Au atom is oriented out of the plane of the surface and in the 
second layer of atoms. This cluster is centered mostly over the 5c-Ti rows and has a 
height larger than a planar structure by a single Au atom. This structure is consistent 
with the STM image of Fig. 19a and the line trace of Fig. 19d. An additional low 
energy structure is observed for Aus bound to the stoichiometric surface. This struc- 
ture is shown in Fig. 19h. This structure has all four ligation sites occupied by binding 
to O atoms on adjacent rows. As is seen in the structure of Fig. 19h, the gold isomer is 
the planar bow tie conformation and the cluster lies flat on the surface. An STM image 
of this cluster would be a single layer of atoms tall and would be centered over the 
5c-Ti row. This is consistent with the STM image of Fig. 19b and the line trace of 
Fig. 19e. Despite the occupation of four ligation sites, which should stabilize the 
bound cluster, the Au-O bond lengths are optimum. The planar bow tie conformer is 
too small for the binding pocket, which accounts for the lower binding energy of this 
cluster relative to the 3-D cluster of Fig. 19g. 

The lowest energy structure for Aus on the reduced surface, according to DFT, is 
shown in Fig. 191. This structure is derived from the 3-D bow tie structure described 
above where one of the Au dimers is bound to the O vacancy in a manner similar to 
Au» (see Fig. 17d). A corner atom of the opposite Au dimer is bound to a bridging O 
atom in the adjacent row and the fourth corner Au atom is oriented out of the plane of 
the surface and in the second layer of atoms. This cluster is centered mostly over the 
5c-Ti rows and has a height larger than a planar structure by a single Au atom. This 
structure is also consistent with the STM image of Fig. 19a and the line trace of 
Fig. 19d. Thus, it is not possible for us to distinguish between Aus clusters with either 
the structure of Fig. 19i bound to the reduced surface or the structure of Fig. 19g 
bound to the stoichiometric surface in our STM images. It is possible that a portion of 
the 68% of the clusters with the STM image of Fig. 19a and the line trace of 19d are 
bound to the reduced surface. An additional low energy structure of Aus bound to the 
reduced surface is observed in DFT and is presented in Fig. 19j. This cluster is bound 
to the O vacancy with a single Au atom. The cluster itself is planar (see Fig. 12 for the 
planar shape) and tilted 90° to the plane of the surface resulting in two rows of atoms: 
a bottom row with two atoms and a top row with three atoms. Either atom of the 
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bottom row is bound to the vacancy. Orientation of this cluster is parallel to the 
bridging O row (as shown in Fig. 19j). This structure is centered over the bridging O 
row and is consistent with the STM image of Fig. 19c and the line trace of Fig. 19f. An 
interesting point to note regarding Aus clusters is that this is the only case we have 
seen where the binding energy to the stoichiometric surface is nearly equal to the 
binding energy to the reduced surface. We attribute this to the optimized surface 
ligation of the structure of Fig. 19g. In the case of Aus, the cluster is able to efficiently 
bind to the stoichiometric surface with at least three ligation sites. In order to bind to 
the vacancy, the cluster must give up at least one of these ligation sites (as seen in 
Fig. 191). The increased stability gained by binding to the vacancy is just barely able to 
account for this loss. 

We have performed the same comparison between the STM images and DFT 
structures described in the preceding paragraphs to Aug and Au; clusters on 
Ti0,(1 1 0). For clusters larger than Aus, we see a number of structures with binding 
energy close to the maximum binding energy. In most cases, the differences in the DFT 
structures are subtle. In our comparison between the STM images and DFT structures 
for Aug clusters (Fig. 20) and Au; clusters (Fig. 21), we show only DFT structures for 
the stoichiometric and reduced surfaces with the highest binding energy. 

In the case of Aug clusters, the STM images and DFT structures for both the 
stoichiometric and reduced surfaces are shown in Fig. 20. The highest percentage of the 
features (80%) in the STM images appear centered over the 5c-Ti atom row (Fig. 20a). 


[110] 





9 o ə Ti Au m) O-vacancy 


Figure 20: Comparison of STM images (5 x 5 nm?) and the lowest energy structures predicted by DFT for 
adsorption structures of Aug. 
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Figure 21: Comparison of STM image (5 x 5 nm?) and the lowest energy structures predicted by DFT for 
adsorption structures of Au;. 


The remaining 20% of the features appear centered over the bridging O rows 
(Fig. 20b). The DFT calculations for Aug clusters bound to TiO»(1 10) resulted in a 
number of isomers with binding energy between 0.7 and 1.0eV. The three isomers 
shown in Fig. 20c-e represent structures that have a binding energy in this range and 
exhibit shapes that are consistent with the STM images. One trend that is easily de- 
duced from the structures is that only two ligation sites are occupied on this cluster 
instead of the three seen in the case of Aus clusters. The reason for this is the stability of 
the planar Aug structures (see Fig. 12). The two planar isomers of Aug can only bind to 
the surface in such a way that two ligation sites are occupied. This results in tilting of 
the cluster relative to the surface of the TiO». The structures of Fig. 20c and d differ 
only in the angle of the tilt relative to the plane of the surface. Other tilt angles of this 
Aug isomer on the surface are also observed in DFT (not shown) with binding energy 
varying to 0.7eV. It is very likely that all of these isomers are observed in our data 
and this accounts for the distribution in height (Fig. 15f). The structure of Fig. 20e 
shows the structure with the highest binding energy to the reduced surface. This struc- 
ture is also a planar structure oriented at an angle to the T1O» surface. It is curious that 
this structure is not bound directly to the O vacancy but prefers to bind to bridging 
O atoms on adjacent rows and tilt toward the vacancy. This is the only cluster where 
the highest binding energy is not observed for a cluster bound directly to the vacancy. 
Isomers bound directly to the O vacancy (not shown) have binding energies in the 
0.7-0.9eV range and are much less stable according to theory than the structure 
of Fig. 20e. 
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The result from the deposition of Au7 is shown in Fig. 21. The average height for 
these clusters is 2.8+0.7 A, which is similar to that obtained for both Aus and Aug. 
The STM images for these large clusters span more than two adjacent bridging O rows 
(and two adjacent 5c-Ti rows), and it is difficult to determine the center of the spot 
relative to the bridging O row. A representative STM image for an Au; cluster on TiO; 
is shown in Fig. 21a. DFT reveals three high binding energy structures (shown in 
Fig. 21b-d) in the 1.50—1.75 eV range: one bound to the stoichiometric surface and two 
bound to the reduced surface. 

Each of these structures is 3-D on the surface with at least one apex atom. All three 
of these clusters have binding sites on the surface that are reminiscent of the other Au 
clusters. The most stable structure is the structure bound to the reduced surface as seen 
in Fig. 21c. In this structure, two Au atoms (a dimer) are bound to the O vacancy 
similar to that observed for Au» (Fig. 17d) and Aus (Fig. 191). Another Au atom is 
bound to a bridging O atom on an adjacent row. The structures of Fig. 21b (bound to 
the stoichiometric surface) and Fig. 21d (bound to the reduced surface) are identical. 
In Fig. 21b, the cluster is formed via four bridging O atoms: three in one row and one 
in an adjacent row. In the structure of Fig. 21d, the O vacancy replaces the single 
bridging O atom as the fourth ligation site. 

The comparison between DFT-derived structures and the STM images for the case 
of gold tetramers is different from all other Au clusters we have studied. Figure 22 
shows the three types of STM images observed for Au, clusters. Small clusters were 
observed in all cases with a height of 1.7 +0.2 À suggesting that adsorbed Au, lays flat 
on the surface. The majority of the Au, clusters (61%) exhibit the interesting 
two-lobed shape observed in the image of Fig. 22a. Each lobe of the two-lobed feature 
is centered over a Sc-Ti row and has the same height. The remaining 39% of observed 
features are single, round spots, which are slightly bigger in appearance than the 
features observed following the deposition of Au, and Au: Roughly 28% of these 
features are centered over 5c-Ti rows (Fig. 22b), and 11% are centered over the 
bridging O rows (Fig. 22c). 

The highest binding energy structures determined via DFT for the stoichiometric 
and the reduced surfaces are shown in Fig. 23a and b, respectively. The structure of 
Fig. 23b is the structure with the highest binding energy. It lies flat on the reduced 
surface with three of the four gold atoms positioned over the bridging O row, similar 





6196 2896 1196 


Figure 22: STM images (4 x 4 nm?) for adsorption of Aug. 
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Figure 23: The lowest energy structures predicted by DFT for adsorption structures of Au,, and the struc- 
tures that most closely correspond to the STM feature of Fig. 22a. 








to the image of Fig. 22c. Figure 23a is the structure with the highest binding energy to 
the stoichiometric surface. It lies flat on the surface and is centered over the 5c- Ti row, 
similar to the image of Fig. 22b. 

None of the DFT structures we calculated with binding energy >1.00eV would 
result in a feature similar to the two-lobed feature in Fig. 22a. The structures of 
Fig. 23c and d (for the stoichiometric and reduced surfaces, respectively) are the only 
structures that result in a flat cluster with two lobes. The linear structure of Fig. 23d 
bound to the reduced surface should not result in two lobes centered over adjacent 
5c- Ti rows as observed experimentally in Fig. 22a. The structure that best corresponds 
to the STM image of Fig. 22a is shown in Fig. 23c, which shows a four-atom Au 
cluster that consists of adjacent gold dimers, i.e., a dissociated cluster. While this 
structure would result in a two-lobed image of the type observed in Fig. 22a, the 
binding energy of the pair of gold dimers is much smaller than either of the two highest 
binding energy structures of Fig. 23a and b, and theory strongly suggests that this 
structure would not be possible. The gold tetramer is the only system where the most 
abundant STM shape does not correspond to the highest binding energy cluster in 
DFT for either the stoichiometric or reduced surface. 
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4.3.2. Summary of Au, clusters on TiO; 

In all cases of deposition of Au, to Au;, the density of oxygen vacancies is larger or 
comparable to the density of the clusters, providing sufficient opportunity for oxygen 
vacancies to be occupied by clusters. The small cluster size, multiple conformations 
(adsorption sites), and relatively low probability of cluster adsorption to a site in- 
volving an oxygen vacancy suggest the clusters have low mobility. 

The results presented here are consistent with a number of earlier studies and pro- 
vide some new, unexpected, and important information. Soft-landing gold atoms lead 
to rapid sintering and formation of globules with an average height consistent with 
four atomic layers. Earlier STM studies on titania with larger coverages from 
evaporative gold sources indicated significant sintering and formation of very large 
globules. Our low coverage, single atom depositions thus confirm the high mobility of 
Au atoms on titania and their tendency to sinter. 

There is no direct evidence that defects are required for binding the clusters. In 
fact, the lack of mobility of clusters as small as the dimer indicates strong binding 
occurs with the stoichiometric surface. This is shown by the DFT calculation in 
Fig. 17, and also supported by the fact that the STM images observed were stable 
over several days and did not change with repeated scans by the STM tip. The mul- 
tiple conformations predicted by DFT, particularly for larger clusters such as 





Figure 24: STM images following the deposition of Ag! (n= 1-5) on the surface of Ti0(1 10) x (111). 
Images marked with capital letters are 500 A x 500 A, while lower case images are 90 A x 90 A. Images: (A/a) 
clean surface; (B/b) surface after depositing Agi; (C/c) Ags; (D/d) Ags; (E/e) Aga; and (F/f) Ags. 
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Au, (n — 5-8), seem likely given the height distributions of the surface bound clusters 
as shown in Fig. 14. 

These results imply that Au clusters have low mobility under soft-landing condition 
because small fragments are unstable compared with larger ones. Clusters are resistant 
to sintering upon annealing for a few seconds at 600 K. We exclude sintering also 
because deposition of Au clusters results in different average height. For example, 
deposition of Au» (1.6--0.5 A) is different from Au; (2.8+0.7 A). 

The surface can have two effects on the gold cluster. First, electron transfer can 
occur from the surface to the cluster. This effect would favor planar structures based 
on gas-phase results [41, 42]. Second, the surface can specifically ligate the cluster. The 
primary ligation sites are the bridging oxygen atoms, separated by 6.5 A between rows. 
The tetramer is the smallest cluster able to coordinate with two oxygen atoms on 
adjacent rows, and then only if a quasi-linear structure is invoked. This result suggests 
surface ligation is driving cluster structure since the linear form of Au, is not favored 
by theory [41]. We know from the gas-phase experiments on both silver [108] and gold 
[109] cluster cations (Section 3) that ligation can induce structural changes and our 
surface experiments are consistent with this observation. The fact that the 2-D to 3-D 
transition occurs at Aus reflects the strong driving force of ligation. The 3-D structure 
for Aus is a direct result of surface ligation. 
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Figure 25: Specific binding locations for Ags. The clusters appear predominantly above 5c-Ti atom rows. 
White dotted lines are drawn over the 5c-Ti atom rows to guide the eye. The lowest energy DFT structure 
predicted for a stoichiometric surface confirms this, as the bridging O atoms in neighboring rows act as 
ligation sites, resulting in the appearance of the cluster above the 5c-Ti atom rows. The structure on the right 
is representative of a cluster interacting with a vacancy. 
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4.4. Ag} (n = 1-5) on TiO,(1 10) 

STM images shown in Fig. 24 give an overview of the deposition of Ag} (n = 1-5), a 
titanium dioxide substrate. The images of Fig. 24B/b were taken following the dep- 
ositions of Ag;. The predominant features after deposition consist of sintered islands 
containing ~100 atoms, indicating that similar to Au, Ag; is also mobile on the 
surface of titania. This result matches what 1s observed following deposition of Ag 
from an evaporative source [87, 110, 111]. The Ag clusters are somewhat larger than 
the clusters observed following the deposition of Au, as described in the previous 
section, averaging 7.5 -- 1.5 Ain height and in 23.3 +4.7 A diameter. The differences in 
the observed heights and diameters here are not relevant given that the coverage was 
predicted to be approximately a factor of 2 lower for the deposition of Au; from the 
integrated ion current measurement. In examining the nucleation sites of the clusters, 
it is notable that in the image of Au clusters (previous section), in the limit of low 
coverage and low flux, nucleation takes place on the terraces and at step edge sites. In 
the case of Ag, however, almost all clusters visible are nucleated at step edges sites. It is 
important to note that beam flux, step-edge density, and oxygen vacancy density is 
similar in both cases shown here. These observations suggest that Au, is less mobile on 
the terraces of titania than Agi, which has therefore a longer diffusion length, and is 
able to reach step sites more frequently than Au. High-resolution image 24b reveals 
clean 5c-Ti and bridging O rows between the Ag clusters. 





D, = 0.85 eV D, = 1.16 eV D, = 0.99 eV 


Figure 26: STM images of the various structures and binding locations observed for Au, clusters. The 
predominant two-lobed structure is shown on the left, each lobe centered above a 5c-Ti row, accounting for 
54% of all observed features. 34% of the features appear above a 5c-Ti atom row (single feature), and the 
remainder above bridging O atom rows. 
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Following the deposition of Ag», STM images shown in Fig. 24C/c reveal that once 
again large, agglomerated clusters are present on the surface, measuring 6.2+ 1.4A in 
height and 17.24 3.1 À in diameter. These clusters appear mainly bound at terrace 
sites, although a few of them are found at step sites. We note here that we previously 
concluded that Ag» is in fact less mobile than Agi, as more clusters appear to form at 
terrace sites than at step sites, since steps are known nucleation sites [112]. Between 
clusters, the titania surface appears fairly clean, as shown in Fig. 24c. This result is in 
clear contrast with that observed for Aus», which as described above results in intact, 
immobile clusters. It is evident from these observations that Ag» is in fact more mobile 
than Au». 

STM images shown in Fig. 24D/d reveal that the predominant features following the 
deposition of Ag; are small, measuring 1.5+0.3 À high and 5.60.7 À wide. We 
conclude that the clusters have limited mobility on the surface, given the small size and 
predominant binding at terrace sites. The features appear above 5c-Ti rows 94% of the 
time, as shown in high-resolution 1mage of Fig. 25a. The remainder of the features 
appear to bind above the bridging O rows. This result is very similar to the result 
obtained for Aus. 

Interesting feature shapes become apparent on the surface following the deposition 
of Ag.. As shown in Fig. 24E/e, there are few large clusters on the surface, and a high 
density of smaller features. Once again, most of the features are found at terrace 
sites, suggesting limited mobility, averaging 1.5+0.6A in height and 6.6+1.7A in 





D, 7 1.90 eV D, 7 1.33 eV D, = 177 eV 


Figure 27: STM images following the deposition of Ags. The predominant feature appears centered over the 
titanium atom rows, as shown at the left, in agreement with the lowest energy DFT structure predicted for 
the stoichiometric surface. The remaining features appear above bridging O atom rows (35%) and in 
between rows (11%), which we attribute to cluster interaction with vacant sites. 
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diameter. Among these features, as shown in high-resolution images in Fig. 26, 54% 
exhibit the same type of two-lobed structure observed in the case of Au, adsorption 
(Fig. 22a). 

These features are nearly identical in appearance to those appearing following the 
deposition of Au.. The similarity of these features suggests that Au and Ag adopt the 
same major structure on the surface. Each of the lobes appears above a 5c-Ti row, 
while the center of the structure 1s a node, appearing over a bridging O row. Of all 
features observed, 34% appeared above Sc-Ti sites, while only 8% and 4%, not shown 
were found above bridging O rows and between bridging O and 5c-Ti rows, respec- 
tively, as shown in Fig. 26. 

Features found on the surface of titania following the deposition of Ags, as shown in 
Fig. 27, measure on average 2.4+0.9A in height and 9.3 +2.0A in diameter. With the 
exception of those clusters that sintered (Agi, Ag»), the cluster heights measured here 
are approximately 1A higher than the heights of Ag; and Agi. 

We believe this is due to an increase in the average number of layers in the structures, 
or a higher overall degree of protrusion above the surface. A similar transition was 
noted in the above section for Au in going from Au, to Aus. Once again, the clusters 
appear predominantly bound above 5c-Ti atom sites, as 54% of all features following 
Ags deposition appear above the Sc-Ti rows. For the remaining features, 35% appear 
over bridging O rows, and 11% appear between bridging O and 5c-Ti rows. 


4.5. Conclusions 

STM images and DFT calculations reveal that Au; and Ag; atoms are highly mobile 
on the titania surface and sinter to large islands with a broad height distribution due to 
the weak binding energy of Au, and Ag, with the stoichiometric surface. Au interacts 
more strongly with vacant sites than Ag, as a result, nucleation is observed more 
frequently at terrace sites in comparison to Ag. Ag dimers are also surprisingly mobile 
on the surface of titania, nucleating into large clusters. This can be explained by the 
relatively small increase in binding energy in going from Ag; to Ag» vs. that for Au, to 
Au» on the stoichiometric surface, as predicted by DFT. Depositions of small clusters 
of Au, (n = 2-8) and Ag, (3<n<5) result in fairly immobile, intact clusters on the 
surface, with relatively narrow height distributions. The immobile clusters adapt spe- 
cific conformations and binding sites according to STM results and DFT calculations. 
Overall, most of the features observed after the deposition of mass-selected clusters 
(Aus, Aus, Aus, Aug and Ags, Ags) appear above 5c-Ti rows in STM images. This 
suggests that oxygen vacancies play a lesser role in the interaction of these clusters 
with the titania substrate. DFT predicts that the clusters bind preferentially to the 
bridging O atom rows, and are ligated by at least two O atoms in neighboring rows 
such that the appearance of the cluster itself is generally above the 5c-Ti atom rows. In 
the event that a cluster should land in the immediate vicinity of a vacancy, interaction 
with a vacancy can occur, resulting in the appearance of a cluster over a bridging O 
atom row or between 5c-Ti atom and bridging O atom rows. Interestingly, Au; are the 
first truly 3-D structures (according to DFT and supported by our STM data), often 
containing highly uncoordinated peak atoms, perhaps responsible for their relatively 
high catalytic activity in comparison to other cluster sizes. 
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1. INTRODUCTION 


Oxides are fundamentally important in heterogeneous catalysis as an active catalyst 
and as a support for metal clusters [1]. Many of the traditional techniques used to 
study heterogeneous catalysts are limited with respect to resolving atomic details 
of metal-supported catalysts. Work over the last two decades has demonstrated that 
atomic-level surface science techniques can provide fundamental insights into the 
physics and chemistry of oxide surfaces by enabling the synthesis of metal clusters on 
oxide films [2-14]. Furthermore, correlation among structure, electronic properties, 
and reactivity of these model catalysts can now be studied in situ with newly developed 
surface science techniques. These specially prepared model systems offer advantages 
typically found for single crystals, while addressing important issues of supported 
catalysts such as metal cluster size effects and the role of the support. Representative 
oxide thin films have been shown to mimic the chemical and physical properties of 
the corresponding bulk oxides, yet are electrically conductive [11]. The conductivity 
and planarity of these model catalysts allow study with various charged particle 
spectroscopies that comprise the core of modern surface science while being suitable 
for study with scanning tunneling and atomic force microscopies. The structural, 
electronic, and chemical properties of metal overlayers on oxide supports have been 
extensively reviewed [1—33]. Here, we focus on recent developments in the investiga- 
tions of metal clusters supported on well-defined, thin oxide films. Four prototype 
oxide supports are addressed: Al2O3, MgO, SiO», and TiO,. The chapter is organized 
as follows: the preparation, structure, and properties of the oxide supports are first 
addressed followed by a description of metal clusters supported on these oxide 
surfaces. Discussion of the interaction of these composite systems with molecular 
reactants is included. 
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ABBREVIATIONS 

AES Auger electron spectroscopy 

AFM atomic force microscopy 

AREELS angle resolved electron energy loss spectroscopy 
ARUPS angle resolved ultraviolet photoelectron spectroscopy 
DFT density function theory 

EELS electron energy loss spectroscopy 

ESR electron spin resonance 

EXAFS extended X-ray absorption fine structure 

FTIRS Fourier transform infrared spectroscopy 
HAADF high-angle annular dark-field microscopy 
HREELS high resolution electron energy loss spectroscopy 
HRSEM high resolution scanning electron microscopy 
HRTEM high resolution transmission electron microscopy 
IR infrared 

LEED low energy electron diffraction 

LEIS low energy ion scattering spectroscopy 

MIES metastable impact electron spectroscopy 

ML monolayers 

NC-AFM non-contact atomic force microscopy 
PM-RAIRS polarization modulation reflectance absorption infrared spectroscopy 
RAIRS reflectance absorption infrared spectroscopy 
RHEED reflectance high energy electron diffraction 
SFVS sum-frequency vibrational spectroscopy 
SPA-LEED spot profile analysis low energy electron diffraction 
SPM scanning probe microscopy 

STEM scanning transmission electron microscopy 

STM scanning tunneling microscopy 

STS scanning tunneling spectroscopy 

TEM transmission electron microscopy 

TDS thermal desorption spectrometry 

TPD temperature programmed desorption 

UHV ultrahigh vacuum 

WBDF weak beam dark field 

XAFS X-ray absorption fine structure 

XAS X-ray absorption spectroscopy 

XMCD X-ray magnetic circular dichroism 

XPD X-ray photoelectron diffraction 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 


2. ALUMINA-SUPPORTED METAL CLUSTERS 


Aluminum oxide (Al;O3) is a widely used support for heterogeneous catalysts. Ul- 
trathin Al,O3 ordered layers on alloys are used as templates for model catalysts, 
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tunneling barriers in electronic devices, or corrosion-resistant layers. While aluminum 
oxide crystallizes in various structures depending on conditions and the precursors 
used in its preparation, alumina is thermodynamically the most stable compound over 
a wide temperature range. The physical and chemical properties of the hydrated 
a-Al,03(000 1) surface are important for understanding the reactivity of natural and 
synthetic aluminum-containing oxides. The structure of this surface has been deter- 
mined in the presence of water vapor at 300 K by crystal truncation rod diffraction 
[34]. The fully hydrated surface is oxygen terminated with a 53% contracted double Al 
layer directly below. The structure is intermediate between «-Al,O; and y-Al(OH);, a 
fully hydroxylated form of alumina. A partially ordered oxygen layer ~0.23 nm above 
the terminal oxygen layer is believed to be adsorbed water. The clean o-Al,03(000 1) 
surface, in contrast, is Al terminated and significantly relaxed relative to the bulk 
structure. These differences have been used to explain the different reactivities of the 
clean and hydroxylated surfaces. 


2.1. Preparation of AL O; on a metal or alloy surface 

A thin, well-ordered alumina film 0.4—0.5 nm in thickness can be grown on low-index 
terminations of NIAI alloy like NiAl(1 1 0) [35, 36] and Ni3Al(1 1 1) [37-39]. However, 
films grown on NiAl(1 11) and NiAl(100) are not highly ordered or conformal 
[40, 41]. Epitaxial Al,O3 grown on NiAl(1 10) has been studied using LEED, EELS, 
HREELS, XPS, ARUPS, and STM [22, 35, 42, 43]. The film exhibits a 2D band 
structure measured by ARUPS [35]. The highly ordered crystalline films can be pre- 
pared at temperatures between 620 and 670 K as indicated by LEED. Stoichiometry of 
O-Al bonds during oxygen absorption and realignment during annealing is important 
in epitaxial growth of well-ordered crystalline films [44]. NC-AFM reveals atomic 
rows with a 0.9-nm periodicity [45]. 

The complex atomic structure of well-ordered Al,O3/NiAl(1 1 0) films has been re- 
solved using XRD [46]. The oxide layer is composed of a double layer of strongly 
distorted hexagonal oxygen ions with aluminum ions in octahedral and tetrahedral 
sites with equal probability. The alumina overlayer exhibits a domain structure related 
to defects formed by the growth of a hexagonally ordered overlayer (Al;O5) on a 
body-centered cubic (110) substrate (NiAl). Using high-resolution soft XPS, the rel- 
ative populations of tetrahedrally and octahedrally coordinated AP * have been de- 
termined to be ~27/73 [47]. The band structure along two azimuths (1 10) and (100) 
has been compared with values theoretically determined [35]. 

DFT calculations were also used to model the structure shown in Fig. 1 [48]. This 
model reproduces the essential experimental data including the detailed phonon spec- 
trum (Fig. 2; [48, 49]). The surface of the alumina film is characterized by an almost 
coplanar Al-O layer, as predicted for terminated bulk single crystal alumina surfaces. 
The film structure is characterized by AI ions in different coordinative environments 
and compares with the structure believed to exist on an oxygen deficient corundum 
surface. The oxide layer contains domain boundaries, both regular and antiphase- 
domain boundaries, which play an important role in the reactivity of the film toward 
molecules and metal deposits. The stoichiometry of the film is estimated to be Alj5O15, 
i.e. an oxygen deficient alumina. 

A smooth, continuous alumina film can also be grown on an Ni5AI(11 1) surface 
with a thickness comparable to that on NiAl(1 1 0) [37-39, 50, 51]. A conclusive and 
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Figure 1: (A) Top and (B) side view of the DFT- and STM-based model for the ultrathin aluminum oxide film on NiAI(110). (C, D) Energetically favorable models 
for smaller oxide unit cells with stoichiometries (C) 2(A1406A1606) and (D) 2(A1406A150;) on an NiAl unit cell (white rectangle) [48]. 


AVG 


NVINGOOD HNAVM 'G ANV NAHO NHSDNIN 


Oxide-supported metal clusters 205 


Intensity (a.u.) 


HREELS 





0 200 400 600 800 1000 
Frequency (cm) 


Figure 2: Infrared-active modes as calculated by DFT (broadened by a Gaussian with a width of 20cm !) 
[48] and HREELS data from Ref. [49]. 


detailed structure of Al;O3/NI13AY(1 1 1) has not yet been obtained. Attempts have been 
made to hydroxylate the film under UHV as well at ambient conditions [52-55]. STM 
data suggest that at elevated water pressures, the film is hydroxylated and becomes 
rough. A remarkable property of Al,03/Ni3AlI(1 1 1) is its ability to nucleate various 
metal clusters in an almost regular hexagonal array [56]. 

The heteroepitaxial growth of thin Al,O3(1 1 1) films on Ta(110) has been studied 
using LEIS and LEED, and the initial film growth found to be largely 2D clusters [57]. 
The LEED results indicate formation of a long-range, ordered epitaxial Al;O; film 
with a slightly distorted (ß = 117.9°) hexagonal lattice. Detailed structural analysis has 
shown that the hexagonal lattice is due to an ordered, close-packed oxygen anion layer 
associated with either the (0001) face of oa-Al;O; or the (111) face of o-Al2O;. 
Chemically, the Al,O3(1 1 1)/Ta(1 1 0) film is very inert toward a variety of gas mol- 
ecules, indicating no unsaturated surface bonds. 

Thin AlO; films with various thicknesses have been prepared on an Mo(110) 
surface [58]. Film growth, carried out in an oxygen background pressure of 10~° Torr, 
was studied by AES, LEED, and HREELS. The AES results show formation of a 
stoichiometric Al>O; film with no indication of metallic Al. LEED studies of very thin 
Al-O; films («0.8 nm) show a hexagonal pattern corresponding to the structure de- 
scribed above for Al,03/Ta(1 10). Thin Al,O; films have also been synthesized on 
Mo(1 00) and their surface chemical activity examined with AES, XPS, and RAIRS 
[59]. Surface hydroxyls were formed by reaction with D;O and monitored by the 
presence of a RAIRS feature at 2700 cm ''. Ammonia adsorption on a dehydroxylated 
surface yields a single peak at 1260 cm”! due to ammonia adsorbed at a surface Lewis 
site where the principle symmetry axis of ammonia is oriented perpendicular to the 
surface plane. Ammonia also adsorbs at Lewis sites on a hydroxylated surface with a 
slightly different adsorption geometry from that on a dehydroxylated surface [59]. 
A single-crystal film of o-Al,O3 with a thickness of 0.65—3.0 nm is reported to have 
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been grown on Ru(000 1) [60]. The dispersion relation as a function of the wavevector 
parallel to the surface, q, was observed to have a negative gradient in the (C — M) 
direction using AREELS. 

Most molecules interact rather weakly with the alumina surface. For example, the 
adsorption of CO on alumina has been studied with EELS [61]. The vibrational fine 
structure of the energy loss features due to electronic transitions of adsorbed CO has 
been clearly resolved. The EELS results for CO on a monolayer film show broader 
vibrational line widths and a higher excitation energy than for CO on multilayer 
alumina. The half-widths of the loss features have been used to estimate the lifetime of 
the excited states. NO, on the other hand, interacts with the alumina film at room 
temperature and at higher exposures by forming compounds such as nitrites and 
nitrates [62]. The reaction appears to occur exclusively at the domain boundaries in the 
film as this reactivity may be completely suppressed by selective decoration of the 
defects by Pd metal deposition [63]. 


2.2. Pt-group metals on AbO; 
Pt clusters supported on AbO3/NiAl(1 10) and CO adsorption on the supported clus- 
ters have been characterized using STM, SPA-LEED, ARUPS, HREELS, EELS, 
TPD, XPS, and TEM [18, 64-70]. The Al,O; film has been shown to be strongly 
modified by deposition of Pt where the Pt is incorporated into the oxide layer. To a 
large extent, this process can be suppressed by deposition at low temperature (100 K), 
whereas heating to temperatures > 800 K leads to diffusion of Pt through the oxide into 
the substrate followed by recovery of the oxide superstructure. Deposition of several 
monolayers of Pt at 500K results in the formation of a polycrystalline film with a 
(111) orientation and a preferred azimuthal orientation with respect to the substrate. 
In addition to CO desorption from metallic-like Pt, a low-temperature CO desorption 
state has been attributed to A120, modified by Pt. HREELS results show that CO is 
adsorbed at the on-top site at low to intermediate CO coverages. At higher CO 
coverages, the bridging site is also populated. XPS results at 300 K show a feature at 
284.8 eV, typical for adsorbed carbon, in addition to a feature corresponding to mo- 
lecularly adsorbed CO. These results indicate that dissociative CO adsorption occurs 
on small Pt clusters even at room temperature. The first HREELS observation of the 
ethylidyne species on alumina-supported catalysts was reported by Hensley and 
Kesmodel [70], where x and di-o species of CHA are identified for adsorption at 165 K; 
ethylidyne is observed only for relatively large Pt clusters upon warming to 325K. 

Ab initio methods have been used to study the electronic structure of Pt on Al- and 
O-terminated «-Al,03 [71]. A coexistence of charge-transfer valence-band states and 
band-like metallic states is predicted to lead to significant changes in the surface 
chemistry. Pd and Rh show similar modifications of the electronic structure, indicating 
that these changes may be general for transition metals on both electronegative and 
electropositive surfaces. These results demonstrate the importance of metal-support 
charge transfer in defining the properties of a supported metal [33, 72, 73]. Increased 
activity at the perimeter of metal clusters with diameters <5nm may be partially 
attributed to the strong metal-oxide interaction at the metal-oxide interface. 

By carefully controlling the growth conditions, Rh clusters with varying cluster sizes 
have been deposited on Al,O3/NiAl(1 10) [74] and the size distributions character- 
ized with STM [18, 75]. It is known from metal single crystal studies that CO 
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Figure 3: CO dissociation activity on alumina-supported Rh clusters as determined by XPS. Note that the 
behavior of the clusters grown at 300K (triangles) is not fully identical to the behavior of 90K deposits 
(circles) [80]. 


adsorbs/desorbs molecularly on clean low-index Rh surfaces [76]. On the other hand 
there is conflicting evidence in the literature with respect to the onset of CO dissociation 
as a function of Rh cluster size [77-79]. Some reports claim that CO dissociation 
increases with increasing cluster size while others report the reverse. Figure 3 shows the 
CO dissociation probability as a function of Rh cluster size on alumina films [80, 81]. 
The dissociation probability decreases to zero for very small Rh clusters, a result 
consistent with the existent of stable molecular Rh carbonyl complexes. The dissoci- 
ation probability also decreases for large clusters, asymptotically approaching a value 
similar to stepped Rh single crystal surfaces [82, 83]. In an intermediate regime of 
cluster size, the dissociation goes through a maximum that correlates with the forma- 
tion of irregular clusters as indicated by their aspect ratio. This result rationalizes the 
observation of both decreasing and increasing CO dissociation probabilities on tech- 
nical powder catalysts where the precise cluster size is not well defined. 

A large data set has been assembled for Pd deposition on alumina films [22, 25, 28, 
30, 84—87]. Figure 4 shows an STM image of 6 nm average size Pd clusters with well- 
resolved facets [85]. The adhesion energy for Pd on Al,03 has been determined to be 
(2.8 +0.2) J/m? [85]. SFVS has been used for the first time to monitor CO stretching 
vibrations on alumina-supported Pd clusters in the pressure range from 1077 to 
200 Torr. Two adsorption sites (twofold bridging and on-top) have been identified on 
Pd aggregates 3 and 6nm mean size with a high density of surface defects. The CO 
adsorption site occupancy on Pd clusters is primarily governed by the CO pressure as 
well as the structure of the clusters and their temperature [86]. In this respect, clusters 
down to a size containing only a few atoms have been studied. In fact, single Pd atoms 
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Figure 4: (a) STM image of the Pd clusters grown at 300K on Al,O3/NiAl(1 10) (20 x 20nm). (b) RAIR 
spectra for NCO adsorption on Pd/Al,O3/NiAl(1 10) (sample temperature 100K, after CO exposure at 
300 K); R — reflectivity; open symbols: immediately after preparation; solid symbols: after prolonged ex- 
posure to methanol at 440 K [85]. 
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have been imaged on an Al O; film [87]. Bimetallic alloy clusters (Pd-Co and Pd-Ag) 
have also been prepared, characterized, and studied with respect to reactivity [88—93]. 

Adsorption and reaction of a variety of molecules have been studied in detail at 
UHV conditions and at elevated pressures [86, 94-104]. The most frequently studied 
molecules are CO, NO, CH30H, and CH, with respect to oxidation, hydrogenation, 
and oxidative dehydrogenation reactions. CO dissociation has not been observed for 
Pd/alumina model systems [105, 106]. On the other hand, for the corresponding tech- 
nical catalysts, dissociation has been reported [107, 108]. In any case, CO bond 
cleavage has been seen for CH OH dehydrogenation on Pd/alumina [105]. Detailed 
molecular beam experiments have shown C-O bond cleavage before the methanol 
molecule has been fully dehydrogenated. The reaction occurs very rapidly at the edges 
and corners of Pd clusters. Figure 5 shows CO infrared spectra acquired before and 
after reaction with CH3OH [109]. CO probes the available sites at the surface (shown 
schematically in Fig. 5) and indicates that the deposited carbon blocks the edge and 
Pd(1 00) sites. Similar results indicative of the influence of step edges on dissociation 
have been found for NO [109]. Data show that dissociation products enhance the 
chemical reactivity of steps. 
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Figure 5: (a) 40 nm x 40 nm STM image for Pd clusters deposited on A»O3/NiAl(1 1 0) planar oxide support 
(top) schematic depicting the geometry of Pd clusters of diameter 6nm (bottom). (b) Low-pressure RAIR 
spectra for NO adsorption on Pd(6nm)/Al,03/NiAI(1 1 0) [109]. 
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The adsorption, decomposition, and oxidation of methanol on Pd/A1,03/NiAI(1 10) 
model catalysts have also been investigated utilizing a combination of molecular 
beams, RAIRS, and TPD [110]. On Al,O03, two molecular adsorption states of meth- 
anol are distinguished by RAIRS and TPD where the features for methanol adsorbed 
on Pd clusters can be differentiated from methanol adsorbed on Al,03. Preadsorbed 
CO suppresses methanol adsorption on the Pd clusters whereas preadsorbed oxygen 
reduces the reaction probability. A methoxy intermediate species was identified and 
shown to be stable up to 200K. The dominant pathway is dehydrogenation to CO, 
followed by CO» formation in the presence of oxygen. Adsorbed oxygen has a pro- 
nounced inhibiting effect on the rate of decomposition. 

Changes in the site of adsorbed CO induced by femtosecond (fsec) laser irradiation 
has been investigated on Pd clusters containing 100—6000 atoms supported on epitaxial 
Al,O3/NiAl(1 10) using laser light at A = 400 nm and pulse lengths of 70 fsec [111]. 
The laser-induced processes correlate with the presence of higher local adsorbate 
densities and a substantial population of edge sites. The interaction of oxygen with 
Pd/A1,03/NiAl(1 10) was studied by STM, AES, LEED, XPS, TPD, and molecular 
beam techniques [112]. The results show that O, exposure at 400—500 K strongly 
influences the oxide support, probably due to the fact that oxygen atoms formed by 
dissociation on the Pd surface can diffuse through the alumina film and react with the 
NiAl substrate beneath the Pd clusters. The surface oxygen inhibits hydrogen ad- 
sorption and readily reacts with CO at 300—500 K. At low coverage, CO adsorbs 
5-7 kJ/mol more strongly on the smaller Pd clusters compared with the larger clusters. 

Hydrazine decomposition was carried out on mass-selected deposited Ir} /AlsO3/ 
NiAl(1 10) [113, 114]. Small Ir, (n 15) clusters promote hydrazine decomposition at 
temperatures well below room temperature with significant activity first appearing at 
Ir;. Both activity and product branching are strongly dependent on the cluster size, 
with smaller clusters showing only dehydrogenation and N, desorption at low tem- 
peratures, and H, recombinative desorption at temperatures above 300 K. For Irıs, 
ammonia production appears signaling the onset of a transition to clusters able to 
facilitate more complex chemistry. Ir*/Al,O3/NiAI(1 10) model catalysts were found 
to exhibit hydrazine decomposition properties qualitatively similar to those observed 
for single-crystal Ir and polycrystalline Rh. At 800 K, sintering of the clusters occurs 
with a significant fraction of the nitrogen contained in the hydrazine being converted 
to aluminum nitride (or mixed Al,O,N-). 

TPD was used to study the interaction of oxygen with both large (~10 nm) and small 
(<2nm) Rh, Pt, and Pd clusters supported on a-Al,03(000 1) [115]. The results of this 
study indicate that O, desorption from large clusters of Rh, Pt, and Pd is similar to that 
from low-index planes of the respective metal single crystals. Additionally, O5 desorpt- 
ion from small Rh clusters is similar to that from the close-packed planes of bulk Ph. In 
contrast, O, desorption from small clusters of Pt and Pd occurs at a significantly higher 
temperature than that from the respective, low-index single crystal surfaces despite a 
significantly higher saturation oxygen coverage on the small clusters. 

Ethene hydrogenation has been used as a probe reaction to show that the reactivity 
of clusters is very different from single crystals [99, 116-119]. While ethene is not 
hydrogenated on Pd(111) under UHV conditions, this reaction readily occurs on 
(11 1)-terminated Pd/alumina clusters. The rationale is the subsurface hydrogen whose 
nature and quantity varies with the reaction temperatures. On a bulk single crystal 
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subsurface hydrogen can diffuse into the bulk, whereas in a nanocluster, subsurface 
hydrogen is confined near the surface. This example clearly shows that single crystal 
surface studies are not always good models for understanding processes on metal 
clusters. However, divergence of reactive properties from single crystal surfaces can be 
probed with metal clusters of varying size. Silvestre-Albero et al. [102, 120] have 
recently studied butadiene hydrogenation on Pd/alumina model systems as a function 
of cluster size. The kinetics show pronounced, characteristic differences between 
smaller (< 5 nm) and significantly larger clusters. While the larger clusters show a close 
correspondence to Pd(111) single crystal surfaces, the smaller clusters exhibit very 
different kinetics. These results show that extrapolation of data from single crystals to 
data for facetted clusters is possible and establishes a limiting size for similar behavior. 

Thin alumina films can be chemically modified by hydroxylation [121, 122]. The 
influence of chemical modification on nucleation, growth, and thermal stability of 
metal deposits is substantial as indicated by studies on Rh and Pd clusters. In the case 
of Rh, the metal appears to be oxidized by the OH groups, releasing hydrogen in the 
process. The metal dispersion increases with the extent of hydroxylation. In addition, 
the temperature at which cluster sintering becomes appreciable is increased with an 
increase in hydroxylation by ~100 K [123]. 

Thin film oxide supports are generally well suited as model supports for hetero- 
geneous model catalysts. However, it has recently been predicted by Pacchioni et al. 
[124] that for particular metals on thin oxide films, a strong interaction can occur 
between the deposited metal cluster and the supporting oxide film. This prediction is in 
line with a suggestion by Mott [125] that electrons tunneling from the metal lead to 
oxidization of the metal [125] and that growth at the oxide interface may be rate 
limiting. Kulawik et al. [126] recently demonstrated that Au atoms evaporated onto 
thin alumina films on NiAl(1 1 0) nucleate at Al rather than oxygen sites, which are the 
preferred sites for Au adsorption on bulk alumina. Bonding of Pd atoms on the film, 
on the other hand, is influenced very little by the underlying metal support as predicted 
theoretically. Furthermore, due to interaction between Au and the underlying metal, 
Au on alumina grows in a linear arrangement of atoms with no strong direct Au-Au 
interaction. The formation of the chains is also mediated by the substrate. 

Well-faceted Rh nanocrystals with mean cluster sizes of 7.8, 13.3, and 16.7 nm have 
been synthesized on Al,O3 and TiO, [127]. Wetting of the support and coalescence of 
Rh clusters were observed upon high-temperature reduction (7620 K on titania and 
~720 K on alumina) of large (> 10 nm) and closely spaced Rh clusters. Catalysts with 
smaller Rh clusters did not exhibit such pronounced changes. Rh/Al O; after reduc- 
tion at 523K exhibits maximum activity for ring opening of methylcyclobutane at 
373 K due to the formation of low-coordinated sites as shown by TEM. The activity of 
Rh/TiO; peaks after reduction at 373 K decreases exponentially with reduction tem- 
peratures to 673 K. For Rh/TiO;, the changes in cluster size and microstructure as 
observed by TEM account for only a portion of the kinetic behavior. The sharp 
activity decrease for Rh clusters supported on TiO» with increasing anneal temper- 
atures parallels the increase in the number of oxygen vacancies and low-valent Ti 
cations on the TiO, surface. The latter may affect the electric field at the metal- 
support boundary and thereby reduce the catalytic activity for hydrocarbon reactions. 
In addition, the decoration of Rh clusters by migrating Ti suboxide could account for 
the diminished activity subsequent to high-temperature reduction. 
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2.3. IB group metals on AbO; 

Numerous studies have addressed the morphology and structure of Ag [69, 128, 129], 
Au [130-133], and alloy clusters on alumina. It is noteworthy that Au at room tem- 
perature shows a higher degree of dispersion in comparison with Ag. The electronic 
structure of the coinage metal clusters has been investigated using a photon-scanning 
tunneling microscopy [69], and the dependence of the plasmon on metal, size, and 
alloying has been determined. 

It is worth noting that IR spectra of CO adsorbed on Pd supported on alumina 
compares very closely to equivalent data for deposited Pd clusters synthesized by wet 
impregnation of precursor salts on high-surface-area powder catalysts [116]. The IR 
spectra of Pd/alumina model systems also compare closely with powder catalysts 
prepared with Pd deposits from the decomposition of Pd(N3)>, i.e. with no precursor 
residues. Dellwig et al. [86] have reported vibrational data of CO at room temperature 
on Pd clusters deposited on alumina films as a function of pressure from 10 !? to 
600 Torr. While there are differences between the CO spectra acquired at varying 
pressures for the Pd clusters and equivalent data acquired for Pd(1 1 1) (the orientation 
of the most abundant facet of the Pd clusters in question), there is no indication for 
any additional “high-pressure species." Also, the spectra acquired for the Pd clusters 
are fully reversible as a function of pressure [106]. 

The growth of Cu deposits on AlO; films has been investigated in the 80-800 K 
substrate temperature range [58]. The films used for supporting the Cu clusters were 
typically 2nm thick and exhibited excellent thermal stability and chemical inertness 
toward adsorption. Although Cu clusters prepared at relatively low substrate tem- 
peratures exhibit smaller average cluster sizes and higher cluster densities than those 
prepared at higher temperatures [134-136], the low temperature preparations are un- 
stable and undergo a major change in morphology and size upon annealing or fol- 
lowing CO chemisorption. It was shown that in order to prepare thermally and 
chemically stable clusters of catalytic interest, it is imperative to carry out the metal 
deposition at elevated substrate temperatures [58]. 

TPD spectra of Cu deposited onto an Al O; film at various substrate temperatures, 
T,, show a shift of the peak maxima to higher temperatures and a narrowing of the 
TPD peak as T, is increased. It was suggested that the broad TPD peaks observed at 
low substrate temperatures is due to heterogeneity reflecting a broader size distribution 
of the Cu clusters. AES measurements show that Cu clusters prepared at T, = 600K 
are thermally stable up to an annealing temperature of 850 K, whereas a decrease in Cu 
AES intensity was observed upon annealing of Cu clusters prepared at T; = 80K. A 
family of TPD spectra of Cu deposited at 7, = 600 K is plotted in Fig. 6 as a function 
of the Cu coverage in equivalent monolayers, Ocu. The leading edge of the TPD peak 
shifts continuously toward higher temperatures as Ocu is increased. At the same time, 
the TPD peak width remains essentially unchanged as Ocu is varied over many Cu 
multilayers. The inset in Fig. 6 shows that the heat of sublimation of Cu clusters 
decreases rapidly from its bulk value of (334.4 12) kJ/mol at Ocu% 1.2-205 kJ/mol at 
0c,2:0.2. This has been attributed to a decrease in the number of neighboring Cu 
atoms as the Cu clusters become smaller. The average size of the Cu clusters estimated 
from the AES measurements compares favorably with direct measurements by TEM. 

The reaction of NO and CO has been studied by exposing the surface with varying 
Cu deposits supported on Al5O; films to a ^NO/CO (1:1) mixture using TPD and 
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Figure 6: A family of TPD spectra of Cu deposited at 7, = 600K as a function of equivalent monolayers, 
Ocu: (a-h) 0.16, 0.33, 0.50, 0.67, 0.98, 1.25, 1.55, and 2.09 ML, respectively. The inset shows the heat of 
sublimation, derived from the leading edge analysis of the spectra, as a function of Cu coverage in equivalent 
monolayers. A linear heating rate of 10 K/sec was used [58]. 


HREELS [58]. At Ocu = 2.7, corresponding to a cluster size of ~ 10.5 nm, desorptions 
of the parent molecules of "NO and CO and the gaseous products ^N; and N50, 
due to ^NO decomposition, were observed in TPD. A small CO; desorption peak is 
also observed at temperatures between approximately 150 and 250 K, indicating re- 
action between CO and NO on the supported Cu clusters. For small Cu coverages, 
i.e. Ocu «0.67, a CO; desorption peak was not observed. However, since the CO; yield 
is relatively small, the effect of cluster size on CO» production is unclear. Exposure of 
the clean surface to the '^N;/CO gas mixture gives rise to several adsorbate HREELS 
features in the 1000-2500cm™' frequency range, the losses at 1255 and 1465cm ` 
attributed to the v('”NO) mode of adsorbed "NO and !”N,O, respectively, and 
2110 cm^! to v(CO) of adsorbed CO. 

Both Cu and Au form 3D clusters on Al,O3/Mo(110) regardless of thickness 
(2-5 ML). At a very low coverage («0.4 ML), Cu deposited on the oxide strongly 
interacts with the surface oxygen forming a species resembling Cu oxide(s); higher Cu 
coverages have metallic character. On the other hand, Au behaves very differently in 
that no evidence for the formation of Au-O bonds was found at room temperature. 
Annealing of Au and Cu deposits on an Al O; film results in metal/oxide intermixing 
and chemical reaction [137]. The desorption behavior of Ag from Al,03/Ru(000 1) 
and a-Al,O3 surfaces is identical, indicating that thin-film Al,O; is a viable model for 
an o-ÀALO; support. The activation energy for Ag desorption from Al,O3 is smaller 
than the Ag bulk sublimation heat [138]. 

Size-selected Au clusters, Au} (n= 1,3,4), deposited on an ordered AlO3/ 
NiAl(1 10), have been investigated by XPS and LEIS [139]. Changes in morphology 
and electronic properties with deposition/annealing temperature and in cluster size via 
extensive agglomeration were observed by LEIS for annealing temperatures above 
300 K. These changes were accompanied by large shifts in the Au XPS binding energy. 
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Agglomeration 1s more extensive following room-temperature deposition compared 
with samples prepared by low-temperature deposition and very dependent on the 
cluster size. CO adsorption was studied by LEIS and TPD. No activity for CO ox- 
idation was observed for Au,,/Al,03 whereas, under similar conditions, substantial 
activity was seen for Au,/T1Os. 


3. MAGNESIUM OXIDE-SUPPORTED METAL CLUSTERS 


Magnesium oxide (MgO) is a commonly used oxide support for metal catalysts. Well- 
ordered surfaces of MgO relatively free of defects can be created by cleaving bulk 
single crystals. MgO(1 00) surfaces are stoichiometric and show practically no surface 
relaxation [140, 141]. 


3.1. Preparation of MgO films 

MgO(1 00) films have been prepared mainly on Mo(1 00) and Ag(1 00) substrates. Mo 
is used because of its high melting point; Ag is used as a substrate because of the close 
match of its lattice constant with MgO. Epitaxial MgO(1 00) with a thickness ranging 
from 2 to 100ML can be grown by evaporating Mg onto Mo(100) at 300K in 
10 ^ Torr of oxygen. Stoichiometric MgO(100) thin films have been characterized 
using LEED, AES, XPS, HREELS, EELS, UPS/MIES, and TPD [142-152]. The 
films, stable up to 1300 K, are reduced at higher temperatures by the Mo substrate, 
forming MoO; and Mg vapor. The electronic and vibrational structures of thin MgO 
films are very similar to those of the bulk oxide; EELS and UPS/MIES have shown 
that these MgO films are nearly free of point defects [153-160]. MgO films with a 
thickness of 2nm can be grown on W(1 1 0) [161]. 

LEED indicates the growth of MgO(100) films with the MgO(1 1 0) oriented along 
(100) directions of the Mo(00 1) substrate [162-164]. Despite the insulating nature of 
bulk MgO, films up to 2.5nm thick are sufficiently conducting to perform STM 
measurements. STM reveals Mg deposition in an oxygen ambient at substrate tem- 
peratures from 300 to 900 K producing uniform films. Films as thick as eight atomic 
layers typically have only three layers exposed, and consist of small domains between 
2.0 and 6.0 nm in diameter. The domain shapes are random and the perimeters show 
no preferential orientation. In contrast, films grown at temperatures in excess of 
1000 K exhibit much larger 3D MgO islands. Steps on these high-temperature films 
orient preferentially along thermodynamically favored MgO(1 00) directions. The di- 
mensions and symmetry of this pattern are consistent with the coincidence arising 
from the mismatch of the MgO(100) and Mo(00 1) lattice. Annealing room temper- 
ature deposited films results in island coalescence and produces uniform films with 
domains in excess of 10.0nm. The perimeters of these domains are oriented along 
MgO(1 00) directions. 

MgO(100)/Ag(100) systems were prepared by evaporating metallic Mg from an 
alumina crucible in an oxygen background of 5x 10" Torr at 350K followed by 
annealing to 500 K [165-176]. As in the case of MgO(100)/Mo(1 00) [136-146], the as- 
prepared film appears to be free of point defects (color centers). By dosing electrons 
to the surface, color centers can be produced and detected by EELS. Exposure to 
oxygen quenches these defects indicative of their location within the surface layer. 
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Figure 7: STM images of (a) 0.3 ML MgO/Ag(00 1), U = 5.0 V, I = 1.0nA; (b) Ag(00 1) atomic resolution 
through an MgO island, U = 30 mV, J = 2pA; (c) atomic resolution of the MgO layer (one type of ion is 
resolved, U = 2.5 V, I = 50pA; (d) 2.0 ML MgO/Ag(00 1), U = 3.0 V, I = 1.0nA [171]. 


Low-temperature STM has been used to image the growth of the MgO(1 00) film on 
Ag(1 00) and the creation of color centers [167, 168, 171]; a series of images is shown 
in Fig. 7. Layer-resolved differential conductance (d//dU) measurements show that a 
three monolayer film has a band gap of ~6eV, comparable to an MgO(00 1) single 
crystal, as shown in Fig. 8. Layer-resolved DFT calculations corroborate this finding 
[171]. The MgO film exhibits line defects by LEED profile analysis; point defects only 
become apparent by STS with electron bombardment, after which, paramagnetic 
surface colors centers are detectable by ESR spectroscopy [167]. These results can be 
directly compared with studies on powder samples [177-179]. On mono- and bi-layer 
domains of MgO/Ag(001), the edges are mainly oriented along the (110) oxide 
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Figure 8: STS of ultrathin MgO/Ag(00 1) films (U-sweep interval, tunneling parameters before opening the 
feedback loop, linear tip-sample distance variation: (a) tip placed above a 1-ML MgO island: —6.0 to 0 V, 
Uo = —6.0 V, Io = 0.2nA, dz/dU = —0.16nm/V; (b) film thickness-dependent d//dU spectra; 3.0-1.0 V, 
Uo = 3.0 V, Io = 0.2nA, dz/dU = 0.25 nm/V; (c) Ag(00 1) field resonance states: (0) tip above Ag(00 1), (e) 
tip above 1 ML MgO island: 7.5-3.0 V, Up = —7.5 V, Io = 0.2nA, dz/dU = —0.2 nm/V [171]. 





direction, corresponding to polar perimeters, while on multi-layer domains non-polar 
perimeters appear, corresponding to the (100) orientation [180]. 

Thin MgO films (1-20 ML) synthesized by evaporating metallic Mg in an oxygen 
atmosphere onto Ag(100) exhibit a relative small lattice misfit (3.1%) between the 
(100) surface unit of the Ag fcc and MgO rock salt structures that facilitates epitaxial 
growth of MgO layers with the (00 1)MgO parallel to (00 1)Ag and (100)MgO parallel 
to (100)Ag [181]. In spite of the weak interaction between the oxide overlayer and the 
substrate, there is a significant tetragonal distortion of the MgO structure. STM data 
indicate that the substrate is essentially covered after 3 ML of MgO. Thin film growth 
of MgO on Ag(100) as a model oxide/metal interface system was studied using 
RHEED, AES, EELS, and UPS [182]. At a substrate temperature of 450K, a single- 
domain MgO film ([1 0 0] (film)//[1 0 0] (substrate)) grows heteroepitaxially on Ag(1 00). 
The in-plane lattice constant of the film changes continuously from the substrate value 
to that of the film. MgO adsorbs preferentially with the oxygen atom over the Ag atom 
and the Mg atom over the hollow site. EELS results show that the MgO band gap does 
not change for thicknesses from 1 to 20ML, indicating that the band gap of a 1-ML 
thick MgO film on a metal substrate is essentially that of bulk MgO. The UPS results, 
on the other hand, show a destabilizing shift of the valence band with decreasing film 
thickness. These UPS results are explained as due to image charge screening of a hole 
created by photoionization in the near metal vicinity. The lattice constant increases 
gradually from bulk Ag(100) to that of bulk MgO(100). The lattice constant of the 
film is nearly equal to that of bulk MgO for films thicker than 20 ML. 

Surface sites can also be identified via adsorption and desorption of probe molecules 
such as CO. The interaction of CO with the MgO(100) surface is considered as a 
prototype system for studying properties of ionic surfaces experimentally and theo- 
retically [143, 172-174, 183-189]. From theoretical, it has been concluded that CO 
binds weakly with its carbon end down to MgO terrace sites in an almost purely 
electrostatic manner [186]. Adsorption at low-coordinated sites, e.g. at steps, edges, or 
corners, leads to an increase of the polarization of the molecule, i.e. a blue shift of the 
CO stretching frequency, with an increase in the binding energy compared with CO 
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adsorbed on regular terrace sites [143-146]. The magnitude of the CO binding energy 
has been discussed and debated in the literature [186]; however, CO-TDS of vacuum- 
cleaved MgO single crystals resolved the controversy [183]. Very similar results have 
been obtained for MgO thin films [190]. The TDS data compare very favorably with 
infrared data on micro-crystalline MgO samples. The acid-base properties of 
MgO(100)/Mo(100) have been characterized using HREELS and TPD [144, 145, 
147]. Various probe molecules with increasing acid strength from alkanes and alkenes, 
to water and alcohols, to carboxylic acids were employed in these studies. The use of a 
high-energy electron beam (50 eV) and off-specular geometry allowed the suppression 
of the strong surface optical phonons of substrate. Multiple phonon losses are at- 
tenuated as the electron beam energy is increased. The HREELS results show that 
acetic acid, formic acid, methanol, and water undergo heterolytic dissociation, with 
the acidic proton adsorbed on the basic oxygen anion sites and the conjugate base 
anions adsorbed on the cationic surface sites. Ethylene and ethane, however, are found 
to adsorb associatively on the MgO(100)/Mo(1 00) surface. Water and methanol each 
show a similar desorption behavior. A sharp peak near 150K is attributed to con- 
densation (of water or methanol) while a broad peak near 300K is assigned to 
recombinative desorption. 

The partial oxidation of methane to ethane on Li-promoted MgO(100)/Mo(100) 
has been studied by Wu et al. [148—150] using surface analysis and kinetic measure- 
ments at elevated pressures. The peaks at 1.6, 3.6, and 5.33eV in EELS spectra have 
been attributed to [Li * O7] centers, F-aggregates, and F-centers, respectively. It has 
been found that the ethane formation rate from methane coupling correlates with the 
F-center concentration but not with the concentration of [Li * O ] centers. The role of 
Li is to promote F-center formation. These results indicate that [Li * O7] centers are 
not likely to be directly involved in the methane activation step, but rather promote 
the production of color centers in the near-surface region. 

The interface of MgO/Ag(00 1) has been studied with DFT calculations applied to 
slabs [191]. Stoichiometric MgO films show limited adhesion to the Ag substrate 
whereas the adhesion strength can be increased for non-stoichiometric films, either by 
the presence of O vacancies at the oxide film or by a small excess of O atoms at the 
interface between the MgO and Ag. For defect-free deposits containing 1 or 2 ML and 
at low voltages, tunneling occurs from the surface Ag substrate; at large positive 
voltages, Mg atoms are imaged. Oxygen vacancy defects facilitate tunneling resulting 
in large apparent protrusions in the image. The additional O, stored at the interface, 
can be detected for very thin films. 

The local atomic structure of MgO epilayers on Ag(00 1) has been determined by 
polarization-dependent XAS at the Mg(K) and O(K) edges [192]. In the ultrathin 
limit, the local structure of the films is rocksalt. An in-plane compressive strain, due to 
lattice mismatch with the Ag substrate, is present for the 3 ML film. The out-of-plane 
lattice constant is found to expand, in agreement with the expected behavior for a 
tetragonal distortion of the unit cell. This growth-induced strain is gradually released 
with increasing thickness and it is almost completely relaxed at 20 ML. Any significant 
intermixing with the Ag substrate was ruled out. 

The growth of epitaxial and stoichiometric MgO(1 11) thin films on an Mo(110) 
surface has been demonstrated using LEED, XPS, AES, and LEIS [193, 194]. The 
MgO(1 1 1)/Mo(1 1 0) film is stable up to 1400 K, and is reduced by the Mo substrate 


218 MINGSHU CHEN AND D. WAYNE GOODMAN 


at higher temperature, forming MoO; and Mg vapor. The adsorption of [Re2(CO)}o] 
and [HRe(CO);] onto this thin film has been studied using TPD and RAIRS. Both 
molecules decarbonylate upon adsorption to form various surface-bound rhenium 
carbonyls depending upon the surface temperature. 

The geometric structure of MgO deposited on Fe(00 1) in UHV by electron evap- 
oration was determined in detail using surface XRD [195]. In contrast to the common 
belief that MgO grows in direct contact to the Fe(00 1) substrate, a FeO interface layer 
between the substrate and the growing MgO structure has been proposed. This result 
opens new avenues for addressing and understanding the Fe/MgO/Fe(0 0 1) interface. 


3.2. Pt-group metals on MgO(1 00) 

Pd clusters, 1.5-12 nm, have been epitaxially grown on UHV-cleaved MgO(1 00) sur- 
faces, and their crystalline structure and morphology studied by various TEM tech- 
niques [196]. At high deposition temperatures, homogeneous distributions of clusters, 
with a shape of a half octahedron truncated on the top by a (100) plane, have been 
obtained. At low deposition temperature, the Pd clusters were flatter with mainly 
(100) facets. At high temperatures, on clean air-cleaved substrates, homogeneous 
distributions of very small clusters (1.5-2nm) with a high number density and a 
narrow size distribution were obtained. Pd clusters prepared at UHV conditions on 
MgO single crystals were in situ annealed under various pressures of O at high 
temperature, then observed by ex situ HRTEM and WBDF [197]. Annealing induces 
extension of the (100) faces and cluster flattening. These morphological variations are 
reversible after reduction in H, and their experimental shapes close to the equilibrium 
shapes. After oxygen adsorption, the evolution of the cluster shapes is in good agree- 
ment with the calculated shapes from thermodynamic considerations. 

The growth of Pd on an atomically flat MgO(00 1) surface at room temperature has 
been investigated by grazing incidence X-ray scattering [198]. The structure and mor- 
phology of deposits in the range of 0.27183 ML were analyzed in situ in UHV. The 
growth proceeds by nucleation, growth, and coalescence of islands. Pd grows cube- 
on-cube epitaxially on MgO(00 1) with an average lattice parameter between that of 
bulk Pd and MgO. Neither stacking faults nor twins were found. As growth proceeds, 
Pd is increasingly relaxed; however, most of the Pd in the first one or two atomic 
planes is fully lattice matched with the substrate. The islands are coherent with the 
substrate up to 4-5 ML of Pd. Above 5ML, interfacial misfit dislocations are intro- 
duced at the edges. These dislocations reorder to form a square network above 35 ML. 
The epitaxial site of the Pd is above the substrate oxygen ions with a bonding distance 
of 0.222 - 0.003 nm. Pd interacts rather weakly with the acidic sites, but with a mod- 
erately large interaction with the basic sites [199]. The general trend is that the in- 
teraction energy increases from Ni, Pd to Pt [199]. The adsorption energy of a single 
Pd atom is considerably enhanced by oxygen defects on MgO(1 00). Electron transfer 
from the substrate toward the adsorbed Pd atom occurs as predicted using ab initio 
full-potential linearized augmented-plane-wave calculations [200]. The vacancy- 
induced modification of the deposit is likely limited to those metal atoms at the 
cluster edges that adsorb directly at the vacancies. The reactivity change from pure Pd 
surfaces to Pd thin films supported on MgO can be assigned to an electronic effect 
[201]. The reactivity changes at Au surfaces, e.g. Au thin films (including Au edges) 
and at the Au/MgO interface, are altered in analogous fashion. The reactivity 
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enhancement at atomic step-sites can be attributed to electronic/structural contribu- 
tions for NO dissociation at Ru, Rh, and Pd surfaces. In contrast, the enhancement of 
the CO oxidation reactivity of PtOz oxide island edges on Pt(1 11) compared with 
CO +O coadsorbed on Pt(1 1 1) is mainly due to a structural effect. CO adsorption on 
Pd atoms deposited on MgO(1 00) thin films has been studied by TDS and RAIRS 
[202]. CO desorbs from Pd atoms at ~250 K, corresponding to a binding energy, E», of 
approximately (0.7+0.1)eV. FTIR spectra suggest that at saturation, two different 
sites for CO exist on a single Pd atom. The vibrational frequency of the most stable, 
singly adsorbed CO molecule is 2055 cm "1. CO/Pd complexes located at regular or 
low-coordinated O anions of the surface are predicted to bind considerably stronger 
(222.5 eV) with a larger vibrational shift than observed experimentally. CO/Pd com- 
plexes located at oxygen vacancies (F— or F+ centers) are characterized by much 
smaller binding energies, (0.5+0.2) and (0.7 3- 0.2) eV, respectively, in agreement with 
experimental observations. CO/Pd complexes located at paramagnetic F-- centers 
show vibrational frequencies in close agreement with experiment. These comparisons 
therefore suggest that the Pd atoms are mainly adsorbed at oxygen vacancies. 

A high-surface-area Pd/MgO catalyst was characterized by Pd K-edge XAFS, TPD, 
and FTIR of adsorbed NO [203]. At 25 °C, the spectrum shows one principal band at 
1722cm7! due to an on-top Pd nitrosyl species. In situ XAFS of the Pd/MgO catalyst 
indicates that neither Pd oxidation nor cluster sintering occurs while heating at 300 ^C 
in flowing 1% NO/He. Steady-state catalytic decomposition of NO to N, and O, 
occurs at 600°C [203]. Pd interacts weakly with acidic sites, but is moderately 
enhanced as predicted in interacting with basic sites. The general trend is that the 
interaction energy increases from Ni, Pd to Pt [199]. 

Gradient corrected DFT calculations for Pd tetramers and pentamers deposited on 
MgO(00 1) as well as for the chemisorption of CO molecules on Pd clusters have also 
been carried out [204]. Perturbation of the metal cluster due to interaction with the 
support, although not large, has two important consequences: (i) a weakening of 
the metal-metal bonds which results in an elongation of the Pd—Pd distances within 
the cluster, and (ii) a change in the preferred CO adsorption site. On the other 
hand, the geometrical and vibrational properties of the adsorption complexes CO-Pd/ 
MgO and CO-Pd do not differ significantly. The interaction of Ni and Cu atoms as 
well as Ni4 and Cu, clusters with cationic and anionic sites of the MgO(100) surface 
has been studied by means of gradient-corrected DFT calculations using cluster mod- 
els [205]. The cationic surface atoms and the fourfold hollow sites were found to 
be essentially inert while Ni and Cu atoms as well as Ni and Cu clusters are weakly 
oxidized by the surface oxygens. The adhesion energy is 0.62eV/atom for Ni4 and 
0.36 eV/atom for Cu,, reflecting the stronger bonding of a surface oxygen with an Ni 
atom, 1.24eV, compared with a Cu atom, 0.28 eV. The reason for the stronger bond- 
ing of Ni is the presence of the incomplete 3D shell. In fact, the mixing of the 3D 
orbitals with the O 2p band leads to the formation of a covalent polar bond of 
moderate strength. Cu binds mainly via the 4s electrons with a weaker interaction. An 
important conclusion from these studies is that the metal-metal bonds in clusters are 
stronger than metal-substrate bonds. 

Nanoclusters offer a variety of opportunities for tuning properties since quantum 
size effects in limited-dimensional clusters can significantly influence catalytic, optical, 
electronic, and magnetic properties. The use of low-energy, high-flux monodispersed 


220 MINGSHU CHEN AND D. WAYNE GOODMAN 


cluster beams facilitates the systematic study of cluster reactivity following deposition 
onto a chemically inert substrate [206]. The catalytic activity for CO oxidation on 
monodispersed Pt clusters shows a distinct atom-by-atom size dependency when de- 
posited on thin MgO(100) films. These results demonstrate that the efficiency of a 
heterogeneous catalytic reaction can be tuned by the judicious choice of cluster size. 
Simple geometric and molecular orbital arguments are sufficient to describe the gen- 
eral trend of the observed catalytic activity with cluster size. The prospect of tuning 
catalytic processes as a function of cluster size, a long-sought goal in heterogeneous 
catalysis, is a plausible extension of these studies. 


3.3. IB group metals on MgO 

In situ XAS measurements as a function of Cu coverage on MgO(100) indicate a 
Cu-Cu distance close to that of the bulk metal, a result of a weak film-substrate 
interaction independent of the Cu thickness. Oxidation of Cu on the MgO surface is 
not observed [207]. An isolated Cu atom adsorbed on the oxygen sites of MgO(00 1) is 
believed to bind to oxygen centers of MgO(00 1) relatively weakly [208]. MgO films 
with a thickness of 2nm were grown on W(110) while MIES and UPS spectra were 
collected in situ. Apart from valence-band emission, no additional spectral features 
were detected [161]. The MgO surface was exposed to metal atoms, Cu or Pd, at 300 K. 
For Cu, but not for Pd, a characteristic initial decrease of the surface work function by 
~0.4eV was observed for small exposures. The metal-induced intensity developed at 
the top of the O 2p valence band in UPS as a result of 3D Cu (4dPd) emission. The 
emission seen for Cu/MgO in the MIES spectra above the O 2p valence band is 
attributed to ionization of Cu 4s states of neutrally adsorbed Cu species; the shape of 
the MIES spectra suggests island growth even at the lowest exposures. For Cu/MgO, 
the critical coverage for the transition from 2D to 3D island growth, as determined 
with MIES, is estimated to be 0.15 ML. 

Calorimetrically measured heats of adsorption of Cu, Ag, and Pb on MgO(1 00) 
have been correlated with the bulk properties of the metals, their relative sticking 
probabilities, and the film morphologies (see Fig. 9) [209, 210]. The low-coverage heats 
of adsorption (when the metals are mainly in 2D islands) were used to estimate metal- 
MgO(100) bond energies within a pairwise bond additivity model. These values 
correlate well with the observed initial sticking probabilities and saturation island 
densities of the metals. These results support a transient mobile precursor model for 
adsorption. The values also correlate with their bulk sublimation energies suggesting 
that covalent metal-Mg bonding dominates the interaction at low coverage, probably 
due to very strong bonding at defects. The heats of adsorption integrated to multilayer 
coverages provide the metal-MgO(100) adhesion energies and metal-MgO(1 00) 
bond energies for metals in 3D films. These values correlate with the sum of mag- 
nitudes of the metal bulk sublimation energy plus the heat of formation of the bulk 
oxide of the metal per mole of metal atoms. This suggests that local chemical bonds, 
both metal-oxygen and covalent metal-Mg, dominate the interfacial bonding for 3D 
films. Calorimetric measurements of metal adsorption energies directly provide the 
energies of metal atoms in supported metal clusters. As the metal coverage increases, 
the clusters grow, revealing the dependence of this energy on cluster size, which 1s 
found to be much stronger than predicted with the usual Gibbs- Thompson relation. 
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Figure 9: (Left panel) Standard enthalpies of adsorption of Cu, Ag, and Pb on MgO(1 00) at 300K. Also 
shown are the literature values for the bulk sublimation enthalpies at 300K. (Right panel) Measured 
differential heat of adsorption versus coverage of Pb onto MgO(1 00), replotted as a function of the average 
Pb cluster radius, to which the Pb atom adds upon adsorption. For comparison, also shown are the results 
predicted by Eq. (1) assuming that the surface energy is constant at its value for bulk solid Pb, and by an 
MBA model [209, 210]. 


These studies provide information crucial for accurately modeling long-term sintering 
rates of metal clusters in catalysts. 

Cu on MgO(100) [211—214] grows as 2D islands initially to approximately 0.3 ML 
then switches to 3D island growth. The initial heat of adsorption for Cu on MgO(100) 
in the first 24% of a monolayer is 240 kJ/mol and increases rapidly to the bulk 
sublimation heat of Cu. At the transition from 2D to 3D growth, the heat of ad- 
sorption of Cu reaches approximately 92% of the bulk heat of sublimation. The 
sticking probability of Cu on MgO at room temperature was determined to be >0.99. 
For the Pb/MgO(1 00) system, the initial heat of absorption is 103 kJ/mol with an 
initial sticking probability of 0.70 at 300 K. The heat of adsorption and sticking 
probability are affected by pre-decorated surface hydroxyl groups. The presence of 
OH increases the low-coverage heats of adsorption of both Pb and Cu, and leads to a 
steady increase in these heats with metal coverage as the metal cluster size increases. 
The initial sticking probability is lower on the OH-dosed surface. Ag on MgO(100) 
grows as 3D islands from submonolayer coverages [215]. The initial adsorption energy 
of Ag is 176 kJ/mol and rapidly increases with coverage as does the sticking prob- 
ability. At the lowest coverages, the sticking probability of Ag is 0.94 and approaches 
1.0 with increasing coverage. DFT calculations show that small clusters of Pd atoms 
(up four atoms) are highly mobile on the MgO(100) surface [216, 217]. Neutral 
oxygen vacancy sites bind Pd monomers 2.63 eV stronger than does terrace sites; these 
neutral oxygen vacancy sites also bind larger clusters strongly enough to trap them. 

The structural and electronic properties of Cu, (n = 1-13)/MgO(100) have been 
addressed with DFT calculations [218, 219]. The preferred adsorption site for a 


222 MINGSHU CHEN AND D. WAYNE GOODMAN 


Cu adatom is the oxygen site with an adsorption energy and bond length of 0.99 eV 
and 0.204 nm, respectively. Binding occurs through Cu(3D-4 s)-O(2p) band overlap. 
The adsorption energy per Cu atom decreases with increasing cluster size, while the 
Cu-Cu cohesive energy rapidly becomes dominant for cluster stabilization. For Cu 
cluster sizes equal to or greater than 5, 3D cluster formation is preferred to 2D metal 
decoration of the surface. 

Layer-by-layer growth was found for Ag on a carbon- and defect-free MgO(100) 
surface. The presence of either of these chemical defects precludes such a growth mode 
[220]. Ag forms a 2D layer on MgO(100) at low coverage and at room temperature 
[221]. EXAFS data demonstrate that the lattice parameter of the Ag overlayer is 
expanded to fit the MgO parameter giving rise to an interface having orientations 
(100)(Ag) parallel to (100)(MgO) and [100] (Ag) parallel to [100] (MgO). Interface 
Ag atoms are on-top the oxygen atoms of the MgO(100) surface at a distance of 
(0.253 10.005) nm. The structure and morphology of Ag deposits grown at room 
temperature on high-quality MgO(00 1) surfaces have been investigated in situ, from 
0.2 to 300 equivalent ML of Ag [222]. Surface XRD and grazing incidence small angle 
X-ray scattering parallel and perpendicular to the surface indicate nucleation, growth, 
and coalescence of islands from 0.2 ML. Ag grows in cube-on-cube epitaxy with 
respect to the MgO(00 1) substrate. The small Ag islands ( «9 nm) are coherent with 
the MgO below 4-6 ML, while islands formed below 1 ML («3.5 nm islands) have the 
bulk lattice parameter. Quantitative measurements and analysis of the MgO crystal 
truncation rods during growth show structural parameters of the interface consistent 
with epitaxial growth, with the oxygen atoms above the substrate atoms at an in- 
terfacial distance of (0.252 --0.01) nm. EELS, HREELS, UPS, and XPS indicate 3D 
growth of Ag on MgO(100)/Mo(1 00) at room temperature [223]. 

The atomic and electronic structure of Ag/MgO(100) have been calculated using 
ab initio Hartree-Fock methods combined with a supercell model [224]. These cal- 
culations show that the Ag adhesion energy is mainly due to an electrostatic inter- 
action with the substrate atoms and to a complex charge redistribution in the metal 
layer(s). This interaction is characterized by large quadrupole moments as well as 
electron density redistribution toward bridging and hollow positions between the 
nearest and next-nearest Ag atoms. 

An electronic-structure total-energy investigation of Ag/MgO(00 1) shows that the 
preferred adsorption site for the Ag atom is above the O site of the clean MgO(00 1) 
surface [225]. The binding energy of the overlayer Ag atom on the MgO(00 1) surface 
is 0.3eV/atom (0.64 J/m?). No significant charge transfer is found between the over- 
layer Ag and the MgO(00 1) substrate, and the influence of the MgO(00 1) on Ag is 
limited to the interface layer. The Ag overlayer shows typical metal features in the 
electronic band structure as well as in the charge distributions. The interface O atom is 
slightly metallized, i.e. the occupied states at the Er have hybridized O-Ag character. 
Compared with O, the Mg is less influenced by the Ag. 

The heats of adsorption of metal atoms on single crystalline surfaces can be meas- 
ured directly as a function of coverage using a specially built microcalorimeter [215, 
226]. Heats of adsorption have been measured for pulses of atoms containing a few 
percent of a monolayer with a pulse-to-pulse standard deviation as low as 1.5 kJ/mol. 
The adhesion energy of multilayer metal films can be estimated from the integral 
enthalpy of adsorption. The adsorption energy and the sticking probability of Ag on 
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MgO(100) thin films grown on Mo(100) have been measured as a function of Ag 
coverage at room temperature. The initial heat of Ag adsorption is 176 kJ/mol 
and increases rapidly with coverage, reaching the bulk Ag heat of sublimation of 
285 kJ/mol by 8 ML. At the lowest coverages, the sticking probability of Ag is ~0.94 
and approaches 1.0 with increasing coverage. AES indicates that Ag grows as 3D 
islands from submonolayer coverages. From the integral heat of adsorption, the ad- 
hesion energy of Ag to MgO is estimated to be (0.3--0.3) J/m?. The Ag-MgO(1 00) 
bond energy is estimated to be 110 kJ/mol for Ag atoms in small 2D clusters (probably 
nucleated at defects) and 15 kJ/mol for large 3D Ag particles. 

Nonrelativistic and relativistic gradient-corrected DFT calculations have been used 
to study the interaction of Cr, Mo, W; Ni, Pd, Pt; Cu, Ag, and Au, with the oxygen 
sites of MgO(00 1) [227]. On-top adsorption is found to be energetically preferred 
compared with bridge adsorption. These adsorbates can be classified into two groups 
depending on the strength of the bond with the surface. Cu, Ag, Au, Cr, and Mo 
exhibit relatively weak bonds (on the order of 0.3eV) whose interactions are due to 
polarization and dispersion with little mixing with the substrate orbitals. Ni, Pd, Pt, 
and W, on the other hand, form relatively strong bonds (on the order of 1 eV) with the 
oxide anions. These bonds are covalent-polar with little charge transfer from the metal 
to the oxide, consistent with the fact that MgO is a very weak oxidant and a wide band 
gap insulator. 

The interaction of transition metals of the group Pt-Pd-Ni and the period 
Ni-Cu-Zn, with an F-center of the MgO(100) surface has been investigated using 
DFT calculations [228]. The maximum values of the electron localization function 
confirm that two electrons are largely localized in the F-center vacancy. These elec- 
trons can delocalize over an adsorbed metal atom and can stabilize surface complexes. 
Molecular orbital analysis shows that the filling and the symmetry of the highest 
occupied orbitals of the complex M—F center/MgO depends on the particular metal. 
For Ni and Pt, the highest occupied molecular orbital (HOMO) and the next three 
highest lying orbitals (HOMO-2-HOMO-4) are d orbitals and the interaction orbital 
is the HOMO-5, while for Pd the interaction orbital is the HOMO and the orbitals 
HOMO-1-HOMO:-5 are of d character. The chemical activity of the metal is shown to 
strongly depend on the particular metal support. 

DFT plane-wave calculations have been used to study the adsorption properties of 
ultrathin MgO films grown on Mo(1 00) as function of the thickness of the oxide film. 
These results compared with those of unsupported slabs representing a single-crystal 
MsO(1 00) surface show that the presence of a metal substrate at the interface with the 
MgO film results in charging of adsorbed atoms with high electron affinity, e.g. Ag 
and Au, while Pd is basically unperturbed [229]. As a consequence, while the prop- 
erties of Pd are identical on MgO(100) or MgO/Mo(1 00), for Ag and Au, substantial 
differences are obvious. On MgO/Mo(1 00) films, the Ag(5s) and the Au(6s) levels fall 
below the Er of Mo, leading to negative charging of the metal atom and to a change in 
the bonding mechanism; the 5s level of Pd, on the other hand, is just above the Ep of 
Mo, thus no charge transfer occurs. The effect tends to decrease for thicker MgO films 
and is closely related to the change in work function of the Mo(100) surface. Upon 
deposition of a thin MgO film, metal-induced gap states appear at the metal-insulator 
interface. This charging effect is absent on single-crystal or polycrystalline MgO 
surfaces. 
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The interaction of Au with MgO(1 00) may be regarded as a prototype for a number 
of metal-oxide combinations [14, 209, 230—232]. The heats of adsorption for metals 
(Cu, Ag, Pb) on MgO allow estimation of metal-MgO(10 0) adhesion energies and 
metal-MgO(100) bond energies for metals in 3D films (see Fig. 9). These results 
suggest that local chemical bonds, both metal-oxygen and covalent metal-Mg, dom- 
inate the interfacial bonding for 3D films. Single atom adsorption has been imaged for 
Au on MgO(1 00) [232]. At the lowest temperatures (8 K), Au adsorbs at terrace sites. 
At higher temperatures (above 30 K), the atoms diffuse to step and edge sites as shown 
by SPM measurements. The Au atoms reside on oxygen atoms in accord with the- 
oretical predictions. The experimental proof comes from ESR spectra through an 
analysis of the "Au hyperfine coupling on single crystal thin films. It is noteworthy 
that a neutral Au atom (according to calculations and in line with the experiments) is 
strongly distorted in the 6s electron distribution such that CO, adsorbed on the Au 
atoms, becomes negatively charged and tilts with respect to the CO-Au bonding axis, 
consistent with CO being isoelectronic with NO [233, 234]. In addition to single neu- 
tral Au atoms, neutral Au clusters are also formed depending on the amount of 
deposited metal. Neutral Au clusters exhibit a CO stretching frequency close to me- 
tallic Au. Partially, negatively charged Au atoms and small clusters can be produced 
by evaporating Au onto an electron bombarded MgO(100) surface which contains 
paramagnetic charged and non-paramagnetic color centers [233]. Using full potential 
linearized augmented plane wave calculations, the adsorption of Au on the ideal 
MgO(00 1) surface is found to be very weak with an Au-O bond length of 0.216 nm 
and an adsorption energy of —0.13 eV/adatom. On the defective MgO(0 0 1) surface, 
Au adatoms prefer the vacancy sites with a strongly enhanced adsorption energy of 
— 1.93 eV/adatom [235]. 

Gas-phase mass-selected clusters have been deposited onto MgO(100) surfaces 
and their reactivity investigated [236—240]. There is a clear increase in reactivity at Aug 
and a marked decrease in reactivity with an increase in cluster size above Aug. 
This trend has been explained by Aug clusters decorating surface color centers. Pre- 
sumably, the color centers are formed during thermal annealing pretreatments as has 
been shown previously [149]. Molecular beams have been used to directly probe the 
fraction of methane molecules that dissociate at Pd sites as a function of the molecular 
beam energy and incident angle. This approach has been used to investigate the 
desorption kinetics and dissociative sticking probability of methane on Pd clusters 
supported on MgO(100) compared with Pd(111) [241]. Sticking measurements on 
supported Pd clusters (3 nm) with a methane beam directed normal to the MgO(1 00) 
surface results in a large fraction of the methane/Pd collisions occurring on regions of 
the clusters where the beam direction is far from the local cluster surface normal, 
resulting in lower sticking probability. The sticking probability on similar Pd clusters 
surfaces is approximately twice as large as on Pd(11 1). TPD of physisorbed (undis- 
sociated) methane reveals that Pd clusters bind methane more strongly than does 
Pd(111). Oxygen adsorbs on the Pd clusters via a mobile, molecular O5 precursor 
state which is transiently adsorbed on the MgO(100) surface. An induction period is 
observed for the titration of adsorbed O by CO on Pd clusters but not on Pd(11 1). 

Ab initio calculations show that the CO adsorption energy is reduced on Ag/MgO 
compared with unsupported Ag films providing evidence for a direct electronic effect 
of the oxide on supported Ag [242]. The oxidation of CO on MgO-supported Au 
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clusters has been studied by DFT calculations [243]. In addition to serving as a struc- 
tural promoter of Au clusters, the supporting oxide also influences the bonding and 
activation of adsorbates bound to Au. The oxide stabilizes a peroxo-like reaction 
intermediate, CO-O-, and causes steric repulsion between CO. The most reactive site 
at Au/MgO is that where Au screens MgO creating a cavity allowing several low- 
coordinated Au atoms and Mg?" cations to interact simultaneously with an adsorb- 
ate. The activity for CO catalytic oxidation on Au/MgO has been found to correlate 
closely with the density of surface F-centers [244]. 

2D assemblies of octahedral-shaped FePt clusters embedded in an MgO matrix have 
been synthesized by alternate deposition of FePt and MgO layers on MgO(00 1) 
single-crystal substrates with a thermal cycling process [245]. The detail structural, 
chemical, and magnetic properties of Fe at the MgO interface have been investigated 
by molecular-beam epitaxy and analyzed using RHEED, STM, AES, XPS, XAS, and 
XMCD measurements [246]. XPS and XAS-XMCD analyses indicate hybridization 
between Fe or Co with MgO with relatively little charge transfer, and that the mag- 
netization at the interface is larger than in bulk Fe (3 uB/atom). 


4. SILICA-SUPPORTED METAL CLUSTERS 


Silica (SiO2) is an important support material used in many commercial catalyst sys- 
tems [1]. The synthesis of well-defined thin films SiO» is a pre-requisite for the prep- 
aration of model-supported metal catalysts on this important oxide. 


4.1. Preparation of SiO; thin films 

Thin SiO; films may be synthesized on an Mo(110) [247, 248] and Mo(100) [249] 
substrates by evaporating silicon at a rate of 0.12 nm/min onto the respective substrate 
at room temperature in <~2 x 10? Torr O, background followed by an anneal at 
«71300 K. The gas-phase precursor for the SiO» film is SiO, produced by oxidative 
etching of silicon. Such thin SiO, films have been studied with AES, EELS, XPS, and 
RAIRS. The as-prepared film is predominantly silicon dioxide with a small fraction of 
suboxides (SiO) as shown in Fig. 10. Annealing to approximately 1300K yields a 
stoichiometric film of SiO, (Fig. 10). The suboxides are believed to react further with 
oxygen to form SiO, at elevated temperatures. The silicon oxide films prepared at 
room temperature exhibit additional low energy electron loss features at ~5 and 7eV. 
These features are attributed to a local structure with broken Si-O bonds in tetrahedra 
of [SiO4] and the presence of some suboxide. After annealing at —1200 K, these fea- 
tures disappear, yielding EELS features essentially identical to those of vitreous silica. 
These results are consistent with the formation of defect-free vitreous silica consisting 
of [SiO4] tetrahedra connected by an oxygen bridge to form a long-range 3D network. 
RAIRS further illustrates that such structural changes occur when the silicon dioxide 
films are annealed. The asymmetric stretching mode of the Si-O bonds appears as a 
broad asymmetric peak centered at 1178cm ` in the RAIRS spectrum for the film 
prepared at a substrate temperature of 323 K. This peak gradually shifts to higher 
frequency upon heating and reaches a maximum of 1252cm '! as the silicon dioxide 
film is annealed to >~1300K. Furthermore, the line shapes, the peak energies of 
the AES electrons, and the EELS spectra are consistent with those of silicon dioxide. 
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Figure 10: The Si(2p) XPS spectra of SiO, films (3.6 nm) on an Mol 00) surface. (Left panel) The films were 
prepared by evaporating Si in an O% pressure of (a) 1 x 10 ? Torr, (b) 5 x 10 ? Torr, and (c) 2 x 10 ? Torr. 
The substrate temperature during the film preparation was 350 K. (Right panel) The films were prepared 
by evaporating Si in an O, pressure of 2 x 10 ? Torr at ~350K, then annealed at (a) 393 K, (b) 1023 K, and 
(c) 1373 K [249]. 


The SiO; films are thermally stable up to 1600 K with the stability increasing with film 
thickness. At high temperatures, silicon dioxide is reduced by the Mo substrate to 
form volatile SiO and MoO;. 

An ordered silica film can be grown on Mo(1 12) as has been described by Schröder 
et al. [250—253]. This film, which exhibits a sharp c(2 x 2) LEED pattern, was shown to 
have a thickness of 1 ML as estimated from AES intensity attenuation of the 
Mo(MNN) feature (187 eV) and to exhibit self-limited growth properties [254—256]. 
The orientation and growth of benzene and pyridine were used to characterize 
the quality of the SiO; films via HREELS, AES, and LEED [257]. A single vibrational 
mode corresponding to the Si-O asymmetric vibration (assigned to an Si-O-Mo) 
led to the proposal of a structure consisting of isolated [SiO4] units as shown in 
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Figure 11: (a) and (b) Top- and side view of the structural models of (a) isolated [SiO4], and (b) 2D network 


for SiO,(1 ML)/Mo(1 1 2) [254]. 


Fig. 11a [254], a conclusion supported by DFT calculations [258]. Based on more 
recent studies of the phonon spectrum and electronic calculations [259, 260], the 
structure has been proposed to be that shown in Fig. 11b. This structure, in contrast to 
that of Fig. 11a consists of a 2D network of SiO, tetrahedra where one oxygen is 
bound to the metal substrate and the other three form a hexagonal honeycomb 
structure [259, 260]. Resolution of the precise structure of monolayer SiO5/Mo(1 1 2) is 
a subject of ongoing experimental and theoretical studies. H2O molecularly absorbs on 
low- and high-defect SiO2/Mo(1 1 2) forming 3D water clusters even at low coverage. 
No evidence for dissociation of water was found [261, 262]. Various defect sites on 
$105/Mo(1 1 2) have been characterized with MIES, and the interaction between de- 
posited Ag and these defects sites investigated with MIES/UPS [160, 263, 264]. MIES/ 
UPS data for low- and high-defect SiO» surfaces acquired as a function of Ag exposure 
are consistent with 2D Ag growth at low coverage and 3D growth at higher Ag 
coverages. With increasing defect density on the SiO, surfaces, no significant change is 
observed in the behavior of the work function with respect to the Ag coverage, sug- 
gesting that the interaction between Ag and SiO; is not influenced significantly by the 


presence of defects. 


4.2. IB group metals on SiO; 


Model silica-supported Cu [265-268] catalysts have been prepared by evaporating Cu 
onto a silica thin film grown on Mo(110). The preparation conditions control the 
corresponding metal cluster dispersions, i.e. average size. The Cu sticking prob- 
ability depends markedly on the surface temperature, varying from (0.60.1) at 90K 
to «0.1 above 400K. Upon covering the silica surface with multilayer water, the 
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Figure 12: RAIRS spectra for carbon monoxide adsorbed on Cu/Si02(100)/Mo(1 1 0). The Cu coverages are 
0.3, 0.5, 1.1, 2.2, 3.4, and 15 ML, respectively. The Cu films were deposited at 90 K and annealed to 900K. 
CO was adsorbed at 90K to saturation. The spectra were taken at 90K with a resolution of 4cm'! [265]. 


sticking probability of Cu increases to approximately 1.0. The structure of model 
silica-supported Cu catalysts has been investigated with RAIRS (see Fig. 12) and STM 
(see Fig. 13). RAIRS data indicate that there are several types of Cu clusters with 
surface structures similar to (111), (110), and other high-index planes of single- 
crystal Cu. The STM studies show several types of Cu clusters on silica and reveal 
images of metal clusters on an amorphous oxide support with atomic resolution. 
When deposited at 100 K, Cu initially forms a 2D structure on silica; however, an- 
nealing induces the ultrathin Cu films («3ML) to form small clusters. The unan- 
nealed Cu films have a significant density of low-coordinated Cu sites, whereas the 
annealed films consist of Cu clusters with structures similar to low-index [(1 1 1), 
(110)] and high-index Cu planes [(211) or (311)]. The distribution of the facets 
depends upon the initial Cu coverage. The desorption energy of Cu from the SiO; is 
found to depend markedly on Cu coverage (cluster size) as shown in Fig. 14. A small 
amount of Cu («0.1 ML) is partially oxidized at the Cu/SiO; interface with the re- 
mainder forming 3D clusters. Carbon monoxide desorbs in a single peak centered at 
approximately 210 K from the unannealed Cu film, but in several peaks between 150 
and 220 K from the annealed film. The CO adsorption energy also strongly depends on 
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Figure 13: STM images of four area of 0.6 ML Cu/SiO5(100)/Mo(1 1 0). (A) 17.0 x 17.0 nm image of a near 
square lattice with Cu-Cu spacing of 0.60 x 0.54 nm. (B) 8.0 x 8.0nm image of a near square lattice with 
Cu-Cu spacing of 0.54 x 0.29 nm. (C) 11.0 x 11.0 nm and (D) 12.0 x 12.0 nm image of disordered Cu clusters 
with interatomic spacing of 0.28-0.38 nm. These images were acquired after the sample was immersed in 
water and dried air [265]. 


the CO coverage, varying from approximately 71 kJ/mol at the low coverage limit to 
approximately 42 kJ/mol near CO saturation. Both NO and H,O were found to dis- 
sociate on the Cu/SiO; to yield surface oxygen during TDS [269]. The Cu structure, 
the dispersion, the cluster size distribution, and the heats of CO adsorption for the 
model systems are remarkably similar to the corresponding values for silica-supported 
Cu catalysts prepared by the ion-exchange method. These similarities demonstrate 
that UHV-prepared metal clusters on an oxide film is an excellent model for the 
corresponding supported metal catalyst. 

Ag clusters grow 2D on S1O;(1 ML)/Mo(112) with a preferred orientation and 
sinter with a bimodal size distribution upon exposure (60 min) to elevated pressures 
(160 Torr) of oxygen. Annealing the as-deposited Ag clusters at elevated temperatures 
(> 600 K) in UHV also leads to sintering [270]. Adsorption of the [Au(en);]" * cationic 
complex has been successfully employed for the deposition of Au clusters (1.5-3 nm) 
onto SiO, with high metal loading and excellent dispersion, i.e. small Au cluster sizes 
[271]. The Au loading in Au/SiO, samples increases proportionally (from 0.2 to 
5.5 wt.%) as the solution pH is increased (from 3.8 to 10.5), with a corresponding 
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Figure 14: Metallic Cu desorption as a function of Cu coverage on SiO2/Mo(1 1 0). The SiO, film is ~10 nm 
thick and the total Cu coverage is 0.3, 0.5, 1.1, 2.2, and 3.4 ML, respectively. The inset shows Cu desorption 
energy as a function of coverage. The vaporization energy for Cu is 331.5 kJ/mol [266]. 


increase in the average Au cluster size (from 1.5 to 2.4 nm). Clusters with a size of 
3-5nm show highly defective structures, while clusters with an average size of ~2nm 
exhibit defect-free structures with well-distinguishable (111) planes. TEM and 
HAADF observations show no metal cluster agglomeration on the SiO, support and 
that Au is present on the surface of SiO» as small clusters. 

The nucleation and growth of Au clusters supported on $105/Mo(1 1 0) have been 
studied by XPS, LEIS, and TPD [272]. At 300 K, the growth mode of Au at fractional 
monolayer coverages is quasi-2D; at higher coverages, 3D growth was found with no 
evidence of a significant chemical interaction between Au and silica. Annealing 
Au/SiO5/Mo(110) to 1000 K leads to sintering of the Au clusters. The desorption 
activation energies for Au coverages «0.2 ML equivalents were determined by TPD to 
be significantly lower than the sublimation energies found for higher coverages of Au 
clusters and for bulk Au. 

Au clusters formed by deposition of Au onto a well-ordered SiO» film on Mo(1 12) 
are very prone to sintering [31, 273-276]. This effect can be suppressed by replacing 
Si atoms in the SiO, network by Ti atoms, prepared by evaporating Ti onto the SiO; 
film followed by an anneal. STM images acquired subsequently (Fig. 15a) show 
Ti atoms as bright spots. Au evaporated onto this Ti-SiO» surface form clusters 
that reside on top of the Ti defect sites (Fig. 15a). Further evaporation of Ti onto 
the surface of Fig. 15a leads to the formation of needle-like islands of TiO, on the silica 
network (see Fig. 15b). Au evaporated onto this surface decorates exclusively 
as clusters at the termini of the titania islands as shown in Fig. 15b and is extremely 
resistant to thermal sintering. The origin of the unusual stability of the Au clusters is 
not fully understood but is thought to relate to the unusual strong interaction between 
Au and the TiO, structures arising from the enhanced defect density at their termini. 
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Figure 15: 3D STM images of (a) Au(0.04ML)/TiO,(8%)-SiO2 and (b) Au(0.08 ML)/TiO,(17%)-— 
SiO, showing that both Ti defects and TiO, islands play a role as nucleation sites for Au nanoclusters 
[273]. 


4.3. Pt-group metals on SiO; 

The adsorption and reaction of CO on silica-supported Pd catalysts over a wide range 
of temperatures and pressures have demonstrated parallels between catalysis on Pd 
single crystals and on Pd small clusters [277, 278]. The kinetics of CO oxidation at low 
and high pressures on Pd clusters and Pd single crystals has been shown to be com- 
parable [279—282]. The structural and catalytic properties of model Pd/S1O; were in- 
vestigated by TPD, RAIRS-CO, STM, AFM, and CO oxidation at both low pressure 
and elevated pressures. By evaporating Pd onto silica thin films (10 nm), followed by an 
anneal to 900K, the size of the Pd clusters can be controlled within the range 
3.0—50.0 nm. The surface of the Pd clusters consists mainly of (11 1) and (100) facets, 
and exhibit catalytic activity similar to Pd single crystals for CO oxidation at low- 
(1075-10 Torr) and high-pressure (15 Torr) conditions. At low pressures, the rate of 
CO oxidation increases with temperature, reaches a maximum at 500-600 K, and then 
declines. At high pressures, the activation energy and turnover frequency for the CO 
oxidation reaction on the model catalysts compare favorable with analogous results 
from single crystal and high-surface-area catalysts. Therefore, metal clusters supported 
on a silica thin film are an excellent means of bridging between single crystals and 
high-surface-area catalysts. The CO oxidation reactions on Pd(111), Pd(1 10), and 
Pd(100) have similar, but distinctive activation energies ((117.5+1.6), (128.3+2.1), 
and (122.9 1.2) kJ/mol, respectively) and turnover frequencies, indicating a subtle 
structure sensitivity for CO oxidation on different crystal planes of Pd. 

The IR spectra of adsorbed CO on model silica-supported Pd catalysts are shown in 
Fig. 16 for Pd coverages of 1.0, 7.0, and 15 ML. The Pd cluster size was determined 
by chemisorption methods and verified using scanning probe techniques [279, 280]. 
For different Pd coverages, three distinct absorption features corresponding to 
CO adsorbed onto threefold hollow (1880 cm !), bridging (1990 cm It and a-top 
(2110 cm!) configurations are observed. At Opa = 1.0 ML, the dominant absorption 
feature corresponds to CO adsorbed onto an a-top position, while the peaks orig- 
inating from threefold hollow and bridging CO are broad, suggesting a non-homo- 
geneous distribution of these adsorption sites. Increasing the Pd coverage to 7.0 ML 
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Figure 16: (a) RAIR spectra for CO adsorption on Pd/SiO;/Mo(1 10) surface at 100K with varying Pd 
coverages of 1, 7, 15 ML in comparison with Pd(1 11) Pd(100) surface (Pd clusters were ordered by pre- 
annealing to 900K prior to CO adsorption) [281]. (b) Effect of temperature on the CO adsorption on 
Pd(Pd = 15 ML)/SIO;/Mo(1 10) [281]. (c) RAIRS for CO adsorption on Pd(Pd = 15 ML)/SiO,/Mo(1 1 0) 
acquired at 100K after pre-annealing the Pd clusters to the given temperatures [279]. All of the spectra in 
(a)-(c) were obtained in the presence of Pco = 1 x 10 $ Torr. 


and then to 15 ML results in the sharpening of the absorption features and the dom- 
inance of CO adsorbed in the bridging positions. These results demonstrate that the 
large clusters have well-defined crystal orientations, whereas the smaller clusters have 
a wide distribution of adsorption sites. A comparison of the IR spectra of equilibrated 
CO overlayers obtained from Pdısmr/SiO; and from the Pd(1 00) and Pd(1 1 1) single 
crystals reveal striking similarities. The stretching frequencies of adsorbed CO on the 
model Pd/SiO, catalyst (Fig. 16) exhibit comparable features observed for Pd(100) 
and Pd(1 11). The agreement among the IR spectra of the model-supported catalysts 
and the metal single crystals suggests that the metal clusters formed on the thin SiO; 
film have facets consisting primarily of (100) and (11 1) orientations. 

The specific activities of single crystal and supported catalysts for CO oxidation are 
essentially identical [279]. The apparent activation energies for the relatively large 
clusters (72 ML) are similar (“113 kJ/mol), but somewhat lower (7104 kJ/mol) for the 
smaller clusters (0.6 and 0.3 ML). The apparent activation energies for three Pd single 
crystals with different orientations are similar [277—280] but distinct: (122.9 + 1.2) kJ/mol 
for Pd(100), (117.5 1.7) kJ/mol for Pd(111), and (128.3 2.1) kJ/mol for Pd(1 10). 
The effect of Pd cluster size on the catalytic properties was investigated utilizing the 
decomposition of chemisorbed NO and reactions of NO with CO in flowing conditions. 
'SNO was used to differentiate N- from CO and N5O from CO; via mass spectrometry. 
Following a saturation "NO exposure on the large clusters, "NO desorbs in three 
peaks centered at 315, 515, and 595K, while ISN, is produced in peaks at 545, 595, 
and 690 K; N50 is evolved in a peak at 545K. The 545 K N; peak is attributed to the 
fragmentation of NO. On small Pd clusters (75.0 nm), ^N5O is not produced whereas 
ISNO desorbs in two peaks at 310 and 515K, and N; is evolved at 530 and 670K. 
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The relative yield of N, with respect to "NO desorption (above 400 K) decreases as the 
cluster size grows (from ~50% for 3.0nm to %20% for 25.0 nm clusters), suggesting 
less NO decomposition on the larger clusters. In addition, the formation of N5O on the 
larger clusters correlates with the appearance of the NO desorption peak at 595 K. There 
is no detectable O, evolution below 1000 K for all sizes of Pd clusters. However, O2 
desorption is observed in a peak centered at 21250 K, desorbing concurrent with Pd. 
Therefore, the oxygen from nitric oxide decomposition is apparently dissolved into the 
bulk of the Pd clusters. 

The reaction of CO with NO under flowing conditions further demonstrates a clus- 
ter size effect. The relative rate of product evolution was monitored with a quadrupole 
mass spectrometer during reaction with flowing "NO and CO (1:1) at 10~° mbar. The 
reaction rate increases with increasing catalyst temperature, reaches a maximum at 
580K, and then declines. On the large Pd clusters, the maximum rate of BN,O 
evolution occurs at 570K, 10K lower than the maxima for both CO, and N; pro- 
duction. On the small clusters («5.0 nm), (N-O is not produced during the steady- 
state reaction of a 1:1 mixture of "NO and CO. N; is produced by NO dissociation 
and atomic nitrogen recombination, and CO, is produced from the oxidation of 
carbon monoxide. The residence time for CO and NO decreases with temperature, 
whereas the reaction rates increase with temperature leading to an optimum at 
approximately 580 K where the product formation rate is maximized. 

Both the decomposition of NO and the reaction of NO with CO show that the 
reaction channel for N5O formation is not available on the small cluster (« 5.0 nm). 
The formation of N5O requires the simultaneous presence of adsorbed NO and atomic 
nitrogen at sufficiently high coverages. TDS spectra show that the dissociation of NO 
occurs along the trailing edge of the main NO desorption peak at 515K. The for- 
mation of N5O correlates with the appearance of the NO desorption peak at 595 K. 
The higher adsorption energy of the 595 K state increases the NO surface residence 
time and thus enhances the probability of N-O formation by NO combination with 
atomic nitrogen. On extended single crystal surfaces, N-O is also formed during the 
decomposition of NO [283—287]. However, the decomposition of NO and the forma- 
tion of N5O correlates with the presence of step/defect (low-coordination sites) on the 
single crystal surfaces [283-285, 288]. On the perfect (111) and (100) facets, NO 
desorbs below 520 K [285, 288] whereas on clusters with a variety of low-coordinated 
sites, NO decomposes to atomic nitrogen and oxygen on a fraction of the sites and 
adsorbs more strongly (595 K desorption state) on other sites. The presence of multiple 
sites on the large Pd clusters, e.g. one binding NO strongly and a second that promotes 
decomposition, provides a mechanism for the formation of N-O. The absence of N-O 
on the small Pd clusters can be explained by the absence of the high-temperature NO 
adsorption state (595 K) which correlates with the relative site reactivity. The surface 
of the small clusters is more reactive, as indicated by an increase in NO dissociation 
(~50% for 3.0 nm and «209^ for 25.0 nm clusters); essentially all the NO on the low- 
coordinated sites decompose to atomic oxygen and nitrogen at lower temperatures. 
The presence of atomic oxygen and nitrogen in the near surface region is believed to 
decrease the NO adsorption energy. 

Pd clusters grown on SiO,/Mo(1 12) at room temperature are hemispherical and 
disordered by STM, suggesting a strong interaction between the Pd clusters and the 
silica support [289]. The same general CO adsorption sites are observed by RAIRS for 
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the Pd/S1O;/Mo(1 12) as have been observed for crystalline Pd/Al;/Os. However, a 
larger fraction of on-top sites observed on silica-supported Pd is indicative of smaller 
and more disordered clusters. The kinetics of CO oxidation on a nanolithographically 
prepared planar Pd/SiO model catalyst was studied by molecular-beam methods 
[290]. Under conditions of limited oxygen mobility, the switching between kinetic 
regimes is largely driven by the surface mobility of CO. 

The PM-RAIRS technique was used to study oxide-supported metal clusters (spe- 
cifically silica-supported Pd nanoclusters) at elevated pressures for the first time [291]. 
PM-RAIRS data for CO adsorption on Si03/Mo(1 1 2)-supported Pd clusters with an 
average diameter of 3.5 nm at 185 Torr is shown in Fig. 17a and compared with CO 
adsorption at 133 mbar on Pd(11 1) (Fig. 17b) [291, 292]. The identical features ob- 
served on supported clusters and Pd(1 1 1) indicate that the silica-supported Pd clusters 
studied here exhibit mostly (111) facets. In addition to these adsorption bands, a 
small feature located at 2009 cm! in the uppermost spectrum of Fig. 18a is also visible 
and corresponds to CO adsorbed at bridging sites of (100) facets. Temperature- 
dependent reversibility of CO adsorption on SiO,-supported Pd clusters at elevated 
pressures has also been investigated (Fig. 18a) [291]. Annealing Pd clusters in the 
presence of high-pressure CO (Pco = 185 mbar) and cooling to 300K lead to irre- 
versible changes in the PM-RAIR spectra. Contrary to crystalline SiO>-supported Pd 
clusters, CO adsorption on Pd(1 1 1) at Peg = 133 mbar is totally reversible (Fig. 18b). 
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Figure 17: (a) PM-RAIRS for CO adsorption on Pd (3.5 nm)/SiO;/Mo(1 1 2) at 185 mbar (140 Torr) [292]. 
(b) PM-RAIRS for CO adsorption on Pd(1 1 1) at 133 mbar (100 Torr) [291]. 
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Figure 18: Reversibility/irreversibility of the CO adsorption bands at elevated pressures for (a) Pd(3.5 nm)/ 
SiO;/Mo(1 1 2) and (b) Pd(1 1 1). Initial adsorption was performed at a low temperature (300 K for (a), 175K 
for (b)). Pd surfaces were annealed to the given temperatures in the presence of CO subsequently cooled 
down to the initial adsorption temperatures where PM-RAIRS data were acquired [292]. 


It should be noted that the temperature-dependent STM experiments show that Pd 
cluster morphology is invariant to annealing between 300 and 700K. The changes 
observed in the PM-RAIRS data cannot be attributed to reconstruction of the Pd 
clusters but rather has been shown to be caused by carbon deposition on the Pd 
clusters after annealing. Subsequent AES data (see inset of Fig. 18a) confirm that CO 
dissociation takes place on the small Pd clusters at elevated pressures and temper- 
atures (T7 600 K) and leads to poisoning of the CO adsorption sites on supported Pd 
clusters. CO dissociation on small oxide-supported Pd clusters has also been reported 
for Pd/SiO; high-surface-area powder catalyst [293] and Pd/Al,O;/Ta(1 10) planar 
model catalysts [294]. On the other hand, reversibility of the CO adsorption with 
temperature on a Pd(1 1 1) single crystal surface reveals that C—O bond scission does 
not occur on atomically flat Pd(11 1), therefore the active sites for CO dissociation are 
likely the defect/edge sites on Pd nanoclusters. 

The thermal stability of facetted Pt nanocrystals on amorphous silica support films 
was investigated using in situ TEM in a temperature range between 25 and 800°C 
[295]. Changes in the cluster shapes begin at 350 ^C. Above 500 °C, the clusters spread 
on the support film with increasing temperature, rather than becoming more spherical. 
Such temperature-induced wetting of Pt clusters on silica surface can be attributed to 
the interfacial mixing of Pt and SiO». 

Au-Pd bimetallic model catalysts were synthesized as alloy clusters on SiO, ultra- 
thin films (2-5 nm) [296]. The surface composition and morphology were characterized 
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Figure 19: RAIRS spectra of CO adsorption as a function of temperature: (a) on 1.0 ML Pd/SiO2/Mo(1 1 0); 
(b) on 1.0ML Au/1.0 ML Pd/SiO,/Mo(1 1 0) [296]. 


with LEIS, RAIRS, and TPD. The surface of the clusters is shown by LEIS to be Au- 
rich compared with the bulk of the cluster. However, the extent of Au enrichment is 
less than that observed for a planar Pd—Au bimetal system [297]. With CO as a probe 
using RAIRS and TPD, isolated Pd sites were identified as a unique surface ensemble, 
as shown in Fig. 19. CO adsorption on 1.0 ML Pd/SiO; leads to a relatively narrow 
feature at —-2105 cm ^! and a broad feature extending from 2000 to 1875cm7! cor- 
responding to CO on Pd atop sites and on bridge/threefold hollow sites, respectively 
(Fig. 19a). On 1.0ML Au/1.0 ML Pd/SiO;/Mo(1 10) (Fig. 19b), only a sharp feature 
at 2112cm7', assigned to CO atop on Au, with a small shoulder at lower frequency 
side is apparent, with no features corresponding to CO adsorbed on Pd in bridging or 
threefold hollow sites. The shoulder observed on the low-frequency side at 80K 1s 
clearly evident at 150K with a stretching frequency at 2086 em" and distinctly re- 
solved from the Au atop sites at 200 K. This feature is assigned to CO atop on isolated 
Pd sites. Such isolated Pd sites have been proposed as an active site for vinyl acetate 
synthesis by acetoxylation of ethylene [298]. Ethylene adsorption and dehydrogenation 
show a clear structure-reactivity correlation with respect to the structure/composition 
of these Au-Pd model catalysts. The TPD spectrum for C;D4 on 1.0 ML Pd/SiO;/ 
Mo) 1 2) (Fig. 20) is broad with a desorption maximum at 250 K, assigned to n- and 
di-o-bonded C;D,. Upon adding Au to the 1.0 ML Pd/SiO;, the intensity of the C;D4 
TPD decreases and shifts to lower temperature. These changes are attributed to di- 
lution of Pd by Au, thus reducing the di-o-bonded species on two contiguous Pd sites. 
D, formation from ethylene dehydrogenation was also monitored with TPD 
(Fig. 20b). On Pd/SiO;, two D» features appear with desorption maxima at 310 
and 470K. With the addition of 0.1, 0.2, and 0.4 ML Au to 1.0ML Pd/SiO;, the 
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Figure 20: (a) TPD of C;D, with 2.0L CD; exposure at 90K on 1.0ML Pd/SiO, (upper); 0.2ML 
Au/1.0 ML Pd/SiO; (middle); and 1.0 ML Au/1.0 ML Pd/SiO; (lower). (b) D» signals collected from C2D4 
TPD with 2.0L CD, exposure at 90K on Au/1.0 ML Pd/SiO, surfaces [296]. 


production of D» gradually disappears. These data demonstrate that contiguous Pd 
sites are required for ethylene decomposition. 


5. TITANIA-SUPPORTED METAL CLUSTERS 


5.1. TiO, single crystals 
Titanium dioxide (TiO2) is the most investigated single-crystalline oxide studied by 
surface science techniques. Rutile (110), (100), (00 1), and anatase surfaces have been 
reported to be investigated. Among them, rutile (110) has been studied most exten- 
sively. Since TiO% is important for a wide range of technical uses, the bulk structure, 
defects, and electronic structure have been extensively studied and summarized [299]. 
The photochemistry of TiO, surfaces has also been reviewed, including the production 
and characterization of surface defects, the role of nitrogen doping on the photo- 
threshold of TiO», charge transfer between excited TiO, and adsorbates, and mech- 
anisms of photocatalysis [300, 301]. Diffusion of oxygen molecules on transition metal 
oxide surfaces plays a vital role in catalysis and photocatalysis on these materials. 
Time-resolved STM provides evidence for a charge transfer-induced diffusion mech- 
anism for Oz molecules adsorbed on rutile TiO,(1 10) [302]. Adsorbed oxygen mol- 
ecules mediate vacancy diffusion via the loss of an oxygen atom to a vacancy and the 
sequential capture of an oxygen atom from a neighboring bridging oxygen row, lead- 
ing to an anisotropic oxygen vacancy diffusion pathway perpendicular to the bridging 
oxygen rows. The O, hopping rate has been shown to depend on the number of surface 
oxygen vacancies [302, 303]. A high-resolution STM image and schematic structure 
model of TiO;(1 10) is shown in Fig. 21 [33]. 

The electronic properties, defect formation, and surface structure of rutile 
TiO»(110) and anatase TiO(101) single crystals as a function of N-doping have 
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Figure 21: (a) A high-resolution STM image of TiO»(110), (b) a schematic structural model of TiO2(1 1 0) 
with empty circles indicating the surface oxygen vacancies [33]. 


been investigated [304]. Although no band gap narrowing was observed, N-doping 
induces localized N 2p states within the band gap just above the valence band. N is 
present in an N(III) valence state, which facilitates the formation of oxygen vacancies 
and Ti 3D band gap states at elevated temperatures. The increased O vacancy for- 
mation facilitates the 1 x 2 reconstruction of the rutile (110) surface. Recent STM 
studies of TIO»(110) reveal three types of configurations of adsorbed formates, i.e. 
bridge formate on a fivefold coordinated Ti** row, bridge formate with one oxygen of 
the formate on an oxygen vacancy site and the other bonded to a fivefold coordinated 
Ti^' ion, and a monodentate formate bonded by an oxygen atom to the oxygen 
vacancy site [305]. Oxygen vacancies produced by dehydration of two hydroxyls 
under catalytic reaction conditions are essential for reaction. On the stoichiometric 
T1O»(1 1 0) surface, the adsorption and desorption of C4H4S is completely reversible 
[306]. On a defective TiO;(1 1 0) surface, a small fraction of adsorbed thiophene mol- 
ecules («0.05 ML) decompose. 

On a nearly perfect TiO;(110) surface, a H5O desorption peak is observed at 
250—300 K and has been attributed to molecularly adsorbed H5O at Ti^* sites based 
on the O(1s) peak position and the change in work function [307]. The coverage of 
water in this state is estimated from O(1s) signals to be approximately one per unit cell 
or one for every Ti^* site. A tail of the feature that extends to 375K is attributed to 
disproportionation of surface hydroxyl groups present in low concentrations. Higher 
coverages of water give rise to a TPD peak at 170 K, and is attributed to water bound 
to bridging oxygen anion sites. Finally, multilayer water desorbs in a feature at 160 K. 
Surface hydroxyls bound to thermally induced oxygen vacancies of approximately 1% 
concentration disproportionate to give a water TPD peak at approximately 500K. 
A recent combination of high-resolution STM and DFT has been used to study the 
interaction of water with a reduced TiO.(1 1 0)-(1 x 1) surface. This study shows that 
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water dissociates at oxygen vacancies to form paired hydroxyl groups [308-310]. The 
features observed by STM have been assigned to bridging oxygen vacancies, oxygen 
atoms on surface Ti atoms, and single as well as pairs of hydroxyls on bridging oxygen 
rows. These hydroxyl pairs are immobile and stable unless they interact with adsorbed 
water molecules. As a result of these interactions, protons are transferred to adjacent 
oxygen rows, thereby forming single hydroxyl groups. Additionally, it has been shown 
that hydroxyl groups facilitate the diffusion of water molecules over the oxygen rows. 

The decomposition and protonation of surface ethoxy groups on TiO;(1 1 0) indi- 
cate two different types of adsorbed ethoxy species: (1) an ethoxy species that can 
readily be removed by combination with surface hydroxyl groups and desorption as 
ethanol between 250 and 400 K; these ethoxy groups are bound to surface T1 atoms 
(Ti-OEt) and are protonated by neighboring hydroxyl groups to form a “bridging 
oxygen" atom of the surface lattice; and (2) an ethoxy species that cannot react with 
surface water or hydroxyls below 450 K in TPD; this species is attributed to an ethoxy 
group bound at “bridging oxygen" vacancies in the surface lattice [311]. This latter 
species is removed at ~650 K by decomposition via B-hydrogen elimination to form 
ethylene and ethanol in a 1:1 ratio. Methanol on the vacuum-annealed, reduced TiO; 
surface produces ethylene as the main desorption product [312]. Reoxidation of the 
TiO, surface quenches the production of ethylene and promotes the formation of 
formaldehyde [312]. Propene adsorbed on Ti sites at the edges of Au islands is bonded 
more strongly than on bare Ti sites [313]. 

The anatase TiO-(101) surface is stable in a (1 x 1) configuration and exhibits 
twofold coordinated (bridging) oxygen atoms and fivefold coordinated Ti atoms with 
a density comparable to that found on rutile Ti0.(1 10) [314, 315]. Step edges are 
terminated by fourfold coordinated Ti sites. In contrast to rutile TiO»(110), anatase 
TiO»(1 0 1) does not show a strong tendency to lose twofold coordinated oxygen atoms 
upon annealing in UHV. The anatase TiO.(1 00) surface has the second-lowest surface 
energy and tends to form a (1 x 2) reconstruction. A model with (10 1)-oriented mi- 
crofacets agrees with the observed features in atomically resolved STM images. The 
TiO5(001) surface forms a (1 x4) reconstruction that is well explained by an 
“ad-molecule” model predicted from density functional calculations. A (1 x 3) recon- 
struction is observed for the anatase TiO;(1 03) surface. 


5.2. Metal clusters on TiO;(1 1 0) 
5.2.1. Pt-group metals 
One of the most interesting phenomena related to metals supported on TiO; is the so- 
called strong metal-support interaction (SMSI). The SMSI effect, first described in 
1978 by Tauster et al. [316, 317], is manifested by a strong inhibition of CO and H5 
chemisorption following a high-temperature calcination (above ~700 K) and a sharp 
reduction in reactivity for alkane hydrogenolysis. Concomitantly, CO-H» reactions 
are strongly promoted [318, 319]. Two explanations have been offered: (1) the effect is 
due to an electronic perturbation of the metal, e.g. via charge transfer; and (2) the 
effect is due to encapsulation by TiO, species which acts as a site blocker. Work has 
shown that encapsulation does indeed occur on supported catalysts and on single 
crystals [320, 321]. 

Considerable work has addressed the SMSI effect and much has been surmised 
about the molecular-level details of this phenomenon; however, most explanations are 
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based on global kinetic measurements. One of the very few investigations at 
the nanoscale is the study of Diebold and co-workers [322] who examined model 
Pt/TiO;(1 1 0) catalysts. LEIS and STM showed that relatively large Pt clusters were 
covered by a layer of partially reduced titania (Figs. 22 and 23). Nanosized Pt clusters 
grown on a TiO.(1 10) surface, which showed an SMSI state following an anneal in 
UHV at high temperatures, were also found to be completely encapsulated with a 
reduced titanium oxide layer [323]. 

Annealing Rh clusters (1-3 nm) on TiO;(1 1 0)-(1 x 2) system produces one of the 
three results [324]: (1) encapsulation of the clusters in the temperature range 500—700 K 
as indicated by a decrease in the relative AES signal of Rh by 40%; (ii) an increase in 
the size of clusters between 700 and 900 K, indicating coalescence; and (iii) separation 
of the 3-5 nm diameter and 3-5 atomic layers thick Rh crystallites (with their (11 1) 
planes parallel to the substrate) from titania above 1100 K, with the substrate exhib- 
iting a well-ordered (1 x 2) terrace structure. 

A combination of Z-contrast imaging and EELS in STEM shows evidence for a 
strong interaction between the Pt clusters and T1O». This interaction is found to be 
dependent on the Pt cluster size and is manifested either as an encapsulation of the Pt 
clusters by the support or a distortion of the structure of the Pt clusters [325]. For 
clusters only a few atoms in size, there is a direct evidence for epitaxial nucleation of Pt 
on titania. Pt clusters were found to exhibit preferential nucleation on rutile rather 
than anatase [325]. The surface structure and stoichiometry of TiO» have profound 
effects on the formation and growth of nanosized Pt clusters on TiO;(1 1 0) [326]. On 
the (1 x 1) surface, Pt forms randomly distributed 3D nanoclusters that coalesce and 
are encapsulated when thermally annealed. In contrast, smaller Pt clusters adsorb on 
top of the titanium atomic rows on the (1 x 2) surface and exhibit higher thermal 
stability. This is presumed to arise from charge transfer from Ti to Pt. Using vicinal 
TiO>(1 10) surfaces with alternating (1 x 1) and (1 x 2) domains, the different inter- 
actions of Pt with the two domains were verified. An array of self-organized Pt nano- 
clusters was formed on the (1 x 2) surface. CO dissociation, possibly due to the 
reduction by Ti? * , was observed on the Pt-TiO;(1 1 0)-(1 x 2) [327]. On the reduced 
(1 x 2)-reconstructed surface, CO desorbs between 140 and 170K, whereas on the 
stoichiometric (1 x 1) surface, desorption occurs at 140 K. CO adsorption/desorption 
was found to strongly depend on the size of Pt nanoclusters. With a decrease in cluster 
size, CO was found to desorb at higher temperatures. This unusual desorption chem- 
istry of the Pt nanoclusters was attributed to quantum size effects. STS revealed that 
clusters below 2nm in diameter exhibited non-metallic behavior, while those above 
4nm were metallic. This transition in the properties of Pt nanoclusters from metallic to 
non-metallic with a decrease in the cluster size correlates with the observed increase in 
the binding energy of CO. 

By growing metal clusters at high temperature (1100 K), arrays of Rh and Ir 
clusters have been fabricated with specific mean distances and narrow size-distribu- 
tions [328, 329]. Dulub et al. [322] have recently reported an ordered, self-limiting 
TiO, , overlayer on Pt clusters supported on TiO;(1 10). The TiO, , overlayer dec- 
oration has no effect on the ordered growth of Pt nanocrystallites [330]. The ECH 
spectra recorded above the mid-point of the Pt clusters show that an increase in the 
average diameter of the clusters does not lead to greater metallic character [331]. 
Moreover, the characteristic line shape of the tunneling spectra is that of an insulator 
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Figure 22: (A) LEIS spectra of the clean TiO2(1 10) surface (bottom), after evaporation of 25 ML Pt at room temperature (center), and after the high-temperature 
treatment leading to encapsulation (top). (B)-(E) STM results after the high-temperature treatments; (B) overview (200 x 200 nm). Clusters are approximately 20 nm 
wide and 4 nm high. Most clusters show hexagonal shapes elongated along the substrate [0 0 1] direction (type A). A few square clusters (type B) are seen; (C) small 
scale image (50 nm x 50 nm), filtered to show the structure of the encapsulation layer on type A clusters; (D) atomic-resolution image of an encapsulated (type A) 
cluster; (E) atomic-resolution image (type B) cluster, showing an amorphous overlayer; (F) STS of the different surfaces [322]. 
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Figure 23: (Top) Atomically resolved STM image (10 nm x 10 nm) of an encapsulated hexagonal cluster. 
The image is compensated for distortion. Atomic positions are indicated. (Bottom) Top and side view of the 
proposed atomic model for the encapsulation layer on type-A clusters [322]. 
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even for relative large clusters (7 5 nm). This behavior was attributed to the formation 
of a TiO, decoration on the top facets of the Pt clusters [331]. The influence of a 
surfactant on the growth and chemisorption of Pt ultrathin films on T10,(1 10) has 
been studied [332]. Continuous hot electron generation was detected for Pt/T1O», 
Pd/T1O;, and Pt/GaN during catalytic CO oxidation between 80 and 150 °C [333, 334]. 
These observations are consistent with the Schottky diode model of oxide-supported 
metal catalysis proposed by Schwab, Solymosi, and others beginning in 1960s. Hot 
electrons may influence the chemistry at oxide-metal interfaces and contribute to 
metal cluster size-dependent catalytic activity/selectivity. 

The nucleation and growth of Pd on the TiO;(1 10) surface have been studied with 
atomically resolved STM [335, 336]. Both dimer and tetramer Pd clusters have been 
observed; however, no single Pd atoms were detected. These results support the 
"classical" nucleation model which assumes that only monomers are mobile, whereas 
dimers are stable entities. A marked preferential nucleation and growth of Pd clusters 
at step edges have also been observed. For Pd clusters (3.5 nm in diameter and 0.8 nm 
in height) on Ti0,(100)-(1 x 3), it has been demonstrated that STM is capable of 
imaging individual atoms [337]. Low coverages of Pd («3ML) deposited on 
TiO(1 10) at 300K adsorb CO exclusively in a bridged-site configuration with a 
band at 1990 cm”! characteristic of CO adsorption on Pd(1 10) and Pd(1 00) surfaces 
[338]. When annealed to 500 K, XPS and LEED indicate the nucleation of Pd clusters 
onto which CO adsorbs predominantly as a strongly bound linear species at 2085 cm" 
assigned to edge sites on Pd clusters. Pd overlayers with coverages of 10-20ML 
undergo some nucleation during growth at 300K. These clusters adsorb CO with 
bands at 1990 and 1940 cm7!, the latter of which is associated with the formation of 
Pd(11 1) facets. LEED indicates that at Pd coverages above 10 ML, the clusters exhibit 
(11 1) facets parallel to the substrate and aligned with the TiO»(1 1 0) unit cell. 

For Pd clusters supported on Ti0,(1 10)-(1 — 1), adsorption of CO has been meas- 
ured using a thermal molecular beam [339]. The adsorption is dominated by weakly 
held “precursor” states, populated mainly via reverse spillover of CO from the support 
(where it only exists with a relatively short lifetime) to the Pd clusters where it is 
trapped into a long-lived adsorbed state. The heat of adsorption of the weakly held 
species on the support is approximately 38 kJ/mol. CO appears to be more weakly 
bound to Pd clusters with an initial heat of adsorption of 110 kJ/mol compared with 
135 kJ/mol for a Pd single crystal; there is zero net sticking of CO above 400K. 
Annealing of the model catalyst above 573K leads to a significant reduction in CO 
uptake and in the sticking probability, probably due to a combination of sintering and 
an SMSI-like effect and/or alloying of the Pd with Ti. Pd clusters enhance the rate of 
re-oxidation of a sub-stoichiometric TiO;(1 10) surface [340]. O2 is believed to disso- 
ciatively adsorb at 673K on Pd, then "spills over" onto the support upon further 
reaction. Formic acid was found to dehydrogenate on Pd nanoclusters on TiO.(1 1 2) 
[341]. The reaction rate is lower compared with bulk Pd metal, probably due to alloying 
with Ti originating from interstitial Ti? * cations that attenuate electron density at the 
Fermi level of the clusters. On a clean TiO» surface, only the dehydration reaction is 
apparent and proceeds at steady state with a very high reaction probability above 
500 K; no evidence for a dehydrogenation pathway is evident. In any case, the ad- 
sorption probability of formic acid with Pd is higher than expected due to diffusion of 
formic acid, via a weakly bound state, from the support to the metal clusters. 
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Molecular beam measurements show that Pd clusters on TiO,(1 10) are active for 
CO adsorption, with a global sticking probability of 0.25. These clusters are deac- 
tivated by annealing above 600 K, an effect indicative of SMSI [342]. The Pd clusters 
are single crystals oriented with their (111) planes parallel to the surface plane of 
titania [343]. Analysis of the surface by atomically resolved STM shows the formation 
of two structures at the surface of the Pd clusters for films annealed above 800 K. 
Atomically resolved STM shows a “pinwheel” superstructure with one domain having 
a ((7 2)(5 7)) unit cell with respect to Pd(11 1) and a second domain with a ((7 5)(2 7)) 
unit cell. Coexisting with this phase is a structure consisting of zigzag rows that run 
along the close-packed directions of the Pd(11 1) islands, as shown in Fig. 24. This 
structure has a rectangular unit cell incommensurate with both the substrate 
Ti0(1 10) and the Pd(111) islands. The two structures merge with no noticeable 
domain barriers or steps, suggesting a close relationship between the two domains. 
LEED shows several distinct, overlapping patterns that can be identified with the 
structures, TIO;(1 1 0)-(1 x 2), Pd(11 1)-(1 x 1), the hexagonal pinwheel structure, and 
the rectangular zigzag unit cell. XPS at normal and grazing emission show the en- 
capsulating layer to be composed of TiO, with Ti predominantly in 2* or 3* ox- 
idation states, having stoichiometries of TiO and TiO, 4. The STM images of the 
zigzags bear a strong similarity to structures seen for annealed Pt islands on 
TiO»(1 10)-(1 x 1) and TiO, supported on Pt(11 1). The pinwheel structure is similar 
to that for annealed Cr on Pt(1 1 1) [343]. In similar fashion, encapsulation of the metal 
clusters on an oxide layer was observed on nanostructured SrTiO4(00 1) [344]. The 
presence of these new structures consisting of a mixed alloy overlayer of Pd and Ti 
within a reduced titania overlayer on Pd clusters after annealing is proposed to give 
rise to the SMSI effect. These alloy structures consist of two discrete ratios of atoms: 
Pd/Ti of 1:1 (pinwheel) and 1:2 (zigzag), as shown in Fig. 25 [342]. It 1s interesting to 
note that Nuzzo and Dubois have proposed that the SMSI effect could result from the 
formation of intermetallic compounds such as Pt3Ti or Ni3Ti [345]. Encapsulation of 
Pd clusters by TiO, was observed to depend on the electronic structure of TiO», 
reduced by heavy Ar" sputtering, Nb-doping, or annealing in vacuum [346]. In ad- 
dition, encapsulation of Fe or Pt clusters by Ti suboxides TiO, on TiO»(1 10) after 
thermal annealing in UHV at 773-979 K was evidenced by LEIS and XPS [320, 321, 
347]. The oxide adlayer of TiO; ze or TiO; 37 on the Pd(111) cluster surface also 
reveals two superstructures with different lattice parameters and crystallographic ro- 
tations. Figure 24 shows STM images of the (111) surface of Pd clusters. A super- 
structure, labeled as structure A, consisting of bright spots connected by lines is 
evident (see Fig. 24a-c). This superstructure has been previously termed the “wag 2D" 
structure. The atoms are aligned along the line connecting the bright spots of the 
wagon wheel structure. A second superstructure was observed on the surface of other 
clusters. This superstructure is perfectly hexagonal with a lattice of (1.05+0.02) nm. 

A method was developed by which supported Ir clusters can be fabricated in desired 
uniform sizes in the range of 1.5-20 nm with constant intercluster distances [329]. 
Ir,,/TiO2(1 1 0) (n = 1, 2, 5, 10, 15) samples were prepared by size and energy-selected 
deposition at room temperature [348]. The Ir clusters are found to be formally in the 
zero oxidation state, with no significant shifts in the Ir 4f binding energy with cluster 
size. Over a wide range of impact energies, both the Ir XPS intensities and peak 
positions are constant, indicating a constant sticking coefficient and no impact-driven 
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Figure 24: (a) 10.5 x 10.5nm STM images of the pinwheel structure. The circle highlights a pinwheel and the 
three triangles mark out part of the ideal pinwheel structure. The line, a, indicate a bend in a spoke, and b 
indicates the superstructure. The lines i, ii, and iii indicate image of an area showing the pinwheel structure 
(bottom) and zigzag structure (top). The unit cell marked that of the zigzag structure. The central spot in the 
unit cell is off-center as indicated by the ratio x:y = 27:23. a marks two lines drawn along the zigzag 
diagonals; these indicate the phase shift as one goes across the troughs. g marks a glide-plane. b marks the 
rotation as one goes from the spokes of the pinwheel to the diagonal of the zigzag. (b) Schematic arrange- 
ment of surface atoms for the area indicated by the circle in (a). (c) The lines iv, v, and vi indicate line profiles 
shown in (d). (d) Line profiles along the lines marked in (c). Profiles shown are taken from a processed image 
for clarity; height information is not retained, although the measurements are presented in the text [342]. 


redox chemistry. LEIS suggests that the deposited Ir clusters remain largely intact, 
neither fragmenting nor agglomerating, and retain 3D structures for the larger sizes. 
For impact energies above 10eV/atom, comparison of LEIS and XPS data show that 
the Ir clusters penetrate into the TiO» surface, with the extent of the penetration 
increasing with an increase in the energy per atom and the cluster size. TPD of CO has 
been used to further characterize the deposited Ir,. This system shows pronounced 
substrate-mediated adsorption (SMA) at low CO exposures, with a strong cluster size 
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Figure 25: Idealized surface structural models for Pd/TiO2, together with the related high-resolution STM 
images [342]. 


dependence. LEIS and sputtering experiments indicate that CO adsorbed via SMA is 
bound differently compared with CO adsorbed at high exposures. The cycle of CO 
adsorption and heating comprising a TPD experiment has a dramatic effect on the 
sample morphology, leading to encapsulation of Ir by a thin TiO, layer. 

The structure of low coverage Ni atoms on the TiO,(1 1 0) surface was studied using 
polarization-dependent EXAFS [349—351]. Ni atoms interacted with oxygen atoms at 
the step edges, where atomically dispersed Ni species were found with Ni-O distances 
at (0.199 -- 0.002) and (0.204 - 0.003) nm along the parallel and perpendicular direc- 
tions to the TiO;(1 1 0) surface, respectively. The bonding position corresponds to the 
virtual Ti site of the next TiO, layer on the TiO, surface. The Ni location was mainly 
determined by the directions of the surface oxygen dangling bond at the surface 
[349-351]. The electronic states of Fe, Ni, and Cu overlayers on TiO;(1 10) surfaces 
have been investigated using normal-emission and resonant UPS using synchrotron 
radiation [352, 353]. It was found that Fe grows in a Stranski-Krastanov mode. At low 
coverages, Fe deposition on TiO»(110) creates surface Ti^* ions leading to identical 
in-gap emission as that produced by surface oxygen vacancies on TIO». At high cove- 
rages, Fe-induced in-gap emission evolves into a bulk Fe spectrum. However, initially, 
an Ey is not observed, indicating that small non-metallic Fe clusters are formed. A 
sharp Er edge is present at higher coverages, indicating that with an increase in size, the 
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clusters become metallic. For Ni on TiO;(00 1), an in-gap emission from the reduced 
Ti?" state appears at 1.2eV with the initial deposition of Ni with no apparent Ep, 
suggesting the formation of small Ni clusters on TiO;(0 0 1). Upon further deposition, 
the emission grows and evolves into a spectrum of bulk Ni. For the Cu/TiO;(1 10) 
system, Cu grows in a Stranski-Krastanov mode. Two in-gap emissions from the 
reduced Ti?" state and oxidized Cu‘ or Cu?* states are observed at 0.8 and 2.8eV 
below the Er, respectively, for initial Cu deposition, providing convincing evidence that 
there is significant charge transfer between Cu and the substrate. Upon further dep- 
osition, the emission in the band-gap region evolves into a spectrum of Cu metal, 
although with a delayed formation of Er, assumed to relate to finite cluster size effects. 


5.2.2. IB group metals 

Cu was found to form 3D islands on TiO;(110) at all the coverages indicating 
the relatively high mobility of Cu atoms on TiO» at room temperature and a weak 
Cu- TiO; bond compared with the Cu-Cu bond [354]. At low coverages («0.5 ML), 
Cu islands exhibit self-limiting growth, i.e. with increasing coverage, the average island 
size remains almost constant whereas the island density increases. At higher coverages 
(70.5 ML), the average island size scales with coverage. However, the increase in 
island size is primarily due to an increase in height, not diameter. Although larger 
islands can be formed by annealing, the average size of the islands 1s nearly inde- 
pendent of coverage for any given annealing temperature. Ni also forms 3D clusters 
on Ti0,(110) at room temperature with an average height of —0.65 nm and a dia- 
meter of —3.0 nm [355]. Although the Ni-TiO; interfacial energy is estimated to be 
greater than that of Cu- TiO», Ni does not appear to wet the surface to a greater extent 
than does Cu. The higher surface free energy for Ni relative to Cu apparently dom- 
inates over its greater interfacial energy, resulting in Cu and Ni islands with similar 
aspect ratios [355-357]. Small 3D Cu clusters on TiO;(1 1 0) were found to dissociate 
into 2D clusters upon exposure to O, at room temperature. Oxygen-induced disso- 
ciation of Ni clusters is much slower than that of Cu for similar oxygen exposures. The 
formation of 2D clusters is thermodynamically favorable for Cu and Ni with con- 
sideration of the lower surface energy of the oxygen-covered metal compared with the 
pure metal [358, 359]. Cu nanoclusters on TiO»(110) are more active for methanol 
decomposition than bulk single-crystal Cu surfaces, but with no apparent cluster size 
effects [312]. Thermal decomposition of dimethylmethylphosphonate was carried out 
on Cu/TiO;(1 10) and Ni/TiO;(1 10) surfaces [360, 361]. 

Small 3D Ag islands with a narrow diameter distribution are formed on TiO,(1 1 0)- 
(1 x 1) at room temperature with Ag deposition of 0.05-1 ML [362]. This behavior is 
qualitatively similar to the “self-limiting” growth previously reported for Cu. That is, 
above —0.5 ML, the average Ag island diameter is nearly independent of coverage 
whereas island nucleation continues up to 1 ML in coverage. The Ag islands are 
remarkably stable under thermal annealing; long-term or high-temperature annealing 
increases the island diameter by less than a factor of two [362]. Ag grows 3D on 
Ti0,(1 1 0)-(1 x 1) and (1 x 2) surfaces; no strong chemical interaction between Ag and 
TiO, was detected [363]. At 0.05 ML Ag exposure, the Ag 3D core level binding energy 
shifts to 1.2eV higher than that for metallic Ag. In addition, the Ag 3D peak width 
increases with decreasing cluster size. The binding energy shifts and peak broadenings 
are attributed to initial and final state effects. The valence band as a function of Ag 
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exposure suggests that a metal-to-nonmetal transition occurs for Ag clusters between 
0.5 and 1 ML (3.5-4.4 nm) [363]. An oxygen-induced cluster ripening was observed by 
STM after Ag/TiO;(1 10) was exposed to 10 Torr O, for 2h in an elevated-pressure 
reactor [364]. The Ag clusters exhibit a clear bimodal size distribution after O, ex- 
posure due to Ostwald ripening, i.e. some clusters increase in size while other clusters 
decrease in size. The cluster density also increases 5-15% after O» exposure, indicating 
redispersion simultaneously occurs with ripening. It is shown that intercluster trans- 
port likely takes place via the formation of Ag;O [364]. 

Au on TiO;(110) has recently become one of the most extensive studied system 
because of its extraordinary catalytic properties [14, 27, 32, 33, 72, 73, 365-387]. The 
size of the Au clusters and the support properties have been shown to be critical to 
their unique catalytic activity, as shown in Fig. 26. Isolated Au atoms can be prepared 
by mass-selected Au" ions deposited front the gas phase at room temperature with 
kinetic energies from <3 to 190 eV [386]. For substrate temperatures of 160 and 300K 
and for fractional monolayer Au coverages, 2D Au islands are initially formed up to a 
certain average critical coverage (0) [387—390]. At coverages above 0, added Au mainly 
goes on top of these to form 3D islands. The 1D, 2D, and 3D growth of Au clusters on 
TiO»(110) was clearly evident in STM, as shown in Fig. 27 together with possible 
structural models. Even though thermodynamically the islands would prefer to form 
3D islands from the onset of growth, kinetic limitations constrain the growth initially 
to 2D islands. The critical coverage is found to decrease with temperature (see Fig. 28), 
but is not dependent on the Au flux or the defect density of the TiO» surface. The 3D 
clusters are oriented with their (1 1 1) orientations parallel to the surface. The coverage 
at which 3D islands become apparent in LEIS data decreases as the surface temper- 
ature increases. No evidence of significant chemical interactions has been found be- 
tween the Au and TiO, substrate. By annealing Au/TiO; to 775K, the Au islands 
continue to grow; encapsulation of the Au islands by Ti suboxides is not observed. 
There is little or no CO adsorption on small Au clusters at 300 K (0.05 ML) based on 
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Figure 26: Catalytic activity for CO oxidation as a function of (a) cluster size on the TiO,(1 10) at 353 K, 
(b) Au coverage on the Mo(1 1 2)-(8 x 2)-TiO, at room temperature [33]. 
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Figure 27: (a) and (b) STM images of Au on TiO,(1 10), (c) 1D and 2D Au clusters on TiO,(1 10), and 
(d) a 3D Au cluster with a thickness of two atomic layers on TiO»(110) [33, 366]. 


LEIS measurements [387—390]. The effects of substrate temperature on the epitaxial 
growth of Au on TiO,(110) surface have been studied by HRSEM and electron 
backscatter diffraction [391—393]. Au on TiO;(1 1 0)-(1 x 1) forms highly faceted is- 
lands with hexagonal shapes. The epitaxial orientation relationship is (11 1)Au// 
(1 10)TiO» with (110)Au//[00 1] TiO» at room temperature deposition and annealing 
at 775 K; the structure is (1 1 2)Au//(1 10)TiO, with (1 10)Au//(00 1)TiO, for direct 
deposition at 775 K. For both orientations, two epitaxial variants are observed which 
are rotated with respect to each other by 180? about the TiO.(1 10) surface normal. 
These two variants are in a twin orientation relationship. For high-temperature dep- 
osition, extensive (11 1) twinning of the Au islands is observed with boundaries sep- 
arating the two orientation variants. 

Comparison of 1-3nm clusters of both Au and Mo on TiO,(110) shows that 
clusters are not stable to even short anneals at 700 K, resulting in significant growth of 
the clusters and reduction in their number [394]. Mo clusters show remarkable re- 
sistance to sintering during short durations of annealing at 700 K. The differences are 
attributed to a stronger cluster-surface interaction for Mo than for Au, due to partial 
oxidation of Mo at the interface. 

The importance of surface defects on TiO>(1 10) has been more directly revealed by 
highly atomic-resolved STM and DFT calculations [395]. Surface bridging oxygen 
vacancies (see Fig. 21) are the active nucleation sites for Au clusters on the rutile 
TiO5;(110) surface. A direct correlation exists between a decrease in density of 
vacancies and the amount of Au deposited. Confirmed by DFT calculations, the 
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Figure 28: The area fraction of Au islands on TiO5(110) as a function of total Au coverage for Au 
deposition at ~0.3 ML/min at three different substrate temperatures: (a) 153 K; (b) 213 K; and (c) 293K. Au 
growth on differently treated initial TiO»? substrates at 293 K, followed by LEIS: (a) with anneal-induced 
defects; and (b) with Ar* sputtered defects. The anneal-induced defected surface was prepared by UHV 
anneals at 900K, followed by a final anneal in 3 x 10 $mbar O, for 10min. The sputter-induced defected 
surface was prepared by annealing the surface in 3 x 10 $ mbar O, for 10 min, followed by a 30-sec 1 keV 
Ar" sputter at 5 x 10 $ mbar Ar pressure to create defect sites on the surface [389]. 


oxygen vacancy is indeed the strongest Au binding site. Both experimentally and 
theoretically, a single oxygen vacancy can bind three Au atoms on average. Valence 
level and shallow core states of Au nanoclusters on TiO;,(1 10) have been studied 
by synchrotron photoemission [396]. The shift to high binding energy and broade- 
ning of the Au 4f peaks with decreasing Au surface coverage can be understood 
in terms of decreasing cluster size and the associated effects of charge on the cluster in 
the final state. Shifts in the photoemission onset are much more pronounced than the 
core level shifts and show a strong dependence on the degree of reduction of the 
TiO-(1 10) substrate. These observations suggest that the photoemission onset is 
influenced by an initial state effect involving charge transfer from defect states into 
cluster states. 

The morphology changes of Au clusters on TIO»(110) under CO catalytic oxidation 
conditions (elevated temperatures) were investigated by in situ STM [384, 397, 398]. 
Au clusters (2.5-4 nm diameter) on fully stoichiometric TiO;(1 10) rutile substrates 
were studied by AFM and XPS over a wide range of pressures of O, and air. Under 
UHV conditions, the clusters are stable even after annealing at 400 ^C, and only minor 
changes in the cluster size are detected after annealing at 773K. In 50 Torr Oo, the 
clusters are relatively stable at room temperature but grow significantly after annealing 
to 673 K. In air, cluster growth begins at room temperature and is accompanied by the 
formation of Au-OH species. 
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Li" neutralization studies of Ag and Au clusters and thin films supported on TiO; 
show very efficient neutralization on small clusters with a decrease for the smallest 
clusters [399]. These results closely follow the size effects observed in the reactivity of 
these systems. The energy dependence of the neutralization was studied for the larger 
clusters (7 4nm) and observed to be similar to the trend observed on films and bulk 
(111) crystals. The highest neutralization efficiency corresponds to that clusters size 
for which a metal to non-metal transition occurs. The relative position of the Li level 
and the HOMO in the molecular cluster is expected to strongly affect the electron 
transfer process. 

DFT calculations reveal that Cu and Ag interact strongly with the bridging oxygens 
of TiO, and transfer outer (n+ 1)s electron density to the Ti 3D states; Au forms 
weaker bonds at these sites via formation of a covalent polar bond [400]. The origin of 
the different behavior of Cu and Ag from that of Au can be understood in terms of the 
higher ionization potential of Au. A relative weak interaction with little charge trans- 
fer is found for all three metals bonded to Ti sites. The bonding at Ti sites is due to 
metal polarization and results in relatively long metal-surface distances. Accordingly, 
the Ti rows are channels where rapid diffusion of the metal atoms is expected. The 
electronic structure of a reduced TiO.(1 1 0) surface, the interactions between oxygen 
vacancies, the dynamics of oxygen molecules on the reduced surface, the role of 
oxygen vacancies, and the oxygen adspecies in the nucleation of Au, Ag, and Cu 
clusters have been addressed [401]. On the non-reducible oxide support, MgO(1 0 0), 
CO oxidation occurs via CO first adsorbing on Au clusters then CO-promoted O5 
capture followed by formation of a CO-O; reaction intermediate complex. On the 
reducible oxide support, T1O;(11 0), O adsorbs independently of the CO. However, 
on this support, the reaction still proceeds via a CO-O; intermediate rather than via 
O, dissociation [402]. 

In situ STM using a tip shadowing technique has been used to follow the growth 
kinetics of Au on clean TiO,(1 10) and an Ag pre-deposited TiO;(1 10) surface on a 
cluster-by-cluster basis [403]. The growth of Au on step-sites can be isolated from that 
on terrace sites; the rates for the growth rate of clusters on step-sites are shown to be 
much faster. Growth on Ag pre-covered surfaces suggests that competitive nucleation 
and growth on empty step-sites and on pre-nucleated Ag clusters depend upon the 
availability of empty step-sites. However, the overall growth closely resembles that of 
Ag on TiO»(1 10) suggesting that the pre-deposited Ag clusters are determining the 
growth mode. Spontaneous formation of Ag-Au clusters are evident from the STM 
images acquired as a function of Au coverage. These binary clusters are believed to be 
of the “alloy” type rather than the “core-shell” type. 


5.3. Preparation of titania thin films 

Ultrathin (< 10.0 nm) titanium oxide films can be synthesized on an Mo(100) surface 
[404]. Epitaxial growth with varying film thickness studied by LEIS, XPS, AES, and 
LEED showed a (24/2 x ,/2)R45° diffraction pattern, whereas STM images showed 
that the TIO» films were ordered along the [0 1 0] and [00 1] directions of the Mo(100) 
substrate. XPS data revealed that unannealed titanium oxide films exhibit only a Ti* * 
valence state, whereas annealed titanium oxide films are partially reduced and exhibit 
TT and Ti?* states. Ultrasmall Au clusters on TiO; show excellent activity and 
selectivity toward a number of oxidation reactions [405, 406]. Oxygen adsorption on 
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Au islands on TiO;(1 1 0) with controlled thicknesses from one to several monolayers 
show higher O, desorption temperatures (741 K) compared with ultrathin Au clusters 
or thicker clusters on TiO;(110). This implies that O bonds much more strongly to 
ultrathin islands of Au, a result rationalized using a Bronsted argument, given that Au 
clusters should dissociatively adsorb O5 more readily than thick Au clusters. Studies of 
the titration reaction of oxygen adatoms with CO (to produce CO;) show that this 
reaction is extremely rapid at room temperature, with the rate being slightly slower 
for the thinnest Au islands. Thus, the association reaction (CO(g) + O(a) > CO,(g)) 
becomes faster as the oxygen adsorption strength decreases, again as expected from 
Bronsted considerations. For islands of about two atomic layers thickness, the 
rate increases slowly with temperature, with an apparent activation energy of 
(11.4 2.8) kJ/mol, and shows a first-order rate in CO pressure and oxygen coverage, 
similar to bulk Au(1 1 0). 

Ordered titanium oxide films can also be epitaxially grown on an Mo) 1 0) substrate 
[407, 408]. Using various synthetic methods, TiO>(100) or Ti,03(0001) were syn- 
thesized, as evidenced by (1 x 1) rectangular and (1 x 1) hexagonal LEED patterns, 
respectively, with supporting data from AES and XPS. STM indicates layer-by-layer 
growth at 900 K with the presence of flat terraces with three different orientations. The 
spacings between the neighboring atomic rows for all terraces were similar (0.65 nm), 
suggesting epitaxial growth of TiO»(1 1 0)-(1 x 1). TiO» films have also been grown on 
Ni(110) [409, 410] and W(100) [411]. 

Titanium oxide thin films can also be grown on Pt(11 1) by vapor-phase deposition 
of titanium metal followed by oxidation in 10$ Torr O, [412, 413]. A threefold sym- 
metric structure with a unit cell of 1.82 x 1.82 nm is observed at coverages ranging from 
1.0 to 5.0 ML. XPS measurements of this phase show stoichiometric TIO». Heating in 
vacuum at 650-850 °C leads to a new structure with a unit cell of 1.82 x 1.39 nm which 
is shown by XPS to have the stoichiometry of Ti4O;. Angle-resolved XPS measure- 
ments indicate that reduced Ti?" is concentrated at the oxide/Pt(1 11) interface. By 
varying the Ti dose and the annealing conditions, six different long-range ordered 
phases of TiO, are obtained. XPS binding energy and XPD data indicate that all the 
phases, except one (the stoichiometric rect-TiO), are one monolayer thick and com- 
posed of a Ti-O bilayer with interfacial Ti. Atomically resolved STM images confirm 
that these TiO, phases wet the Pt surface, in contrast to rect-T1O;. 

Surface structures formed by titanium oxide thin films at a Pt(100) surface have 
been studied by STM, LEED, AES, XPS, XRD, and LEIS to explore and elucidate 
stable high-temperature structures that form at titania-Pt interfaces and provide a 
basis for characterizing the chemistry of titania thin films on Pt(100) [414, 415]. 
Titanium oxide films were produced by two different methods, the first via oxidation 
of a Pt3Ti surface alloy at 300 K using ozone (O3) and annealing at 1000 K. Smooth 
thin films with a (3 x 5) structure were observed at 1 ML (monolayer) using this 
procedure. This (3 x 5) structure is one layer of a TiO; film that is similar to the 
(1 x 2) strands formed on reduced TiO;(1 10) surfaces. Structures prepared by this 
method show particularly “flat” terraces without islands. A second method of syn- 
thesis is by Ti evaporation and deposition on Pt(100) in 6.7 x 10? Pa O, and an- 
nealing the substrate above 750 K in vacuum. A (3 x 5) structure was also produced 
for these films below 1 ML. A (4 x Ad 5)R60° structure was observed after deposition 
of 2ML and annealing at 850-1000 K. A model for this structure composed of TiO» 
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tetragonal nets with some O atoms in the second layer was proposed. The 
(4x ER 5)R60° film changed to a (3 x 5) structure after annealing above 960K in 
vacuum. TiO, clusters decomposed to form a (2 2x 2 2)R45° structure, proposed to 
be TisOg, and (3 x 5) domains after annealing at 1300 K. Assuming this model, the 
composition of all titanium oxide ultrathin films on a Pt(10 0) surface is TiO» , 5 after 
annealing at 850-1300 K. Chemical changes occurring during annealing of titanium 
oxide films include Ti dissolution (alloying) into the bulk of the Pt(1 00) crystal. O3 or 
NO; (nitrogen dioxide) oxidation of the (3 x 5)- TiO, film at 600K and subsequent 
annealing to 700—950 K in vacuum produces ordered oxide regions and domains of a 
(4 x 13) structure that are attributed to a TiO; film with a square -Ti-O- net. This film 
is transformed further after annealing at 1000-1100 K to (3 x 5)-Ti904 to domains 
exhibiting a (2,/2 x 2,/2)R45° structure. Further heating of this film to 1200 K leads to 
a (3 x 5)-Ti9O; oxide film. Initial oxidation of a "flat" (3 x 5) oxide film at 600K 
reconstructs this surface to form a multilayer, porous oxide film, and more extensive 
oxidation eventually forms a much less porous oxide film with pyramidal oxide crys- 
tallites. The titanium oxide films on Pt(1 00) described above block adsorption of CO 
at Pt sites at temperatures above 210 K; these surfaces also do not oxidize CO. 

A well-ordered monolayer titanium oxide film, Mo(1 1 2)-(8 x 2)-TiO,, can be syn- 
thesized on the Mo(1 1 2) surface [72, 416, 417]. A TIO /Mo(1 12) film was synthesized 





(b) (c) 





Figure 29: Structural model and atomic-resolved STM image of (a) Mo(112)-(8 x 2)-TiO,, (b) Mo(112)- 
(1 x 1)-(Au,TiO,), and (c) Mo(112)-(1 x 3)-(Au, TiO») [33, 72]. 
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by depositing ~1 ML Ti onto an Si02(ML)/Mo(1 12) followed by oxidation/annealing. 
A final anneal at 1400 K completely removes the SiO» film and any residual Si. The 
TiO, film so formed exhibits a very sharp (8 x 2) LEED pattern (Fig. 29) and a very 
smooth and well-ordered surface that exhibits relatively large terraces as seen by STM 
images (Fig. 29). The thickness of this TiO, film is estimated to be one monolayer based 
on the attenuation of the AES intensity of the Mo MNN (187 eV) feature. The (8 x 2)- 
TiO, film can also be synthesized by the step-wise deposition of Ti onto an oxygen- 
covered Mol 1 2) surface followed by oxidation-annealing cycles. However, the quality 
and reproducibility of the film derived from the direct deposition method are not 
comparable to that grown on an SiO, film. A single phonon feature at 84 meV, related 
to the Ti-O stretching mode, was observed for the (8 x 2) structure. This feature was 
assigned to Ti? '-O-Mo and/or Ti? '-O-Ti?^' based on HREELS and XPS data 
[72, 416, 417]. A row spacing of 0.9 nm, corresponding to two rows of the Mo(112) 
trough along the [—1 1 0] direction, is seen by STM (Fig. 29), consistent with the ob- 
served (8 x 2) LEED pattern. A high-resolution STM image shows a double-row feature 
with a spacing of 0.9 nm. A possible structural model for the Mo(1 1 2)-(8 x 2)- TIO, 
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Figure 30: STM images of (A-C) the (1 x 1)-Au/TiO,/Mo(1 1 2) with Au coverage of ^1 ML, Us = + 1.0V, 
I= 0.5nA; and (D) the (1 x 3)-Au/TiO,/Mo(1 12), Us = 1.0 V, Z= 0.5nA [417]. 
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surface is shown in Fig. 29 in which seven Ti atoms decorate every eight Mo atoms 
along the Mo(112) trough (the [-1—1 1] direction). The Ti atoms are bound 
to the surface via Ti-O-Mo bonds and to each other via Ti-O-Ti linkages [72, 73, 
416, 417]. 


5.4. Au on TiO, /Mo(1 12) 

On the rutile TIO»(1 10) surface, the two Ti atoms nearest to an oxygen vacancy are 
reduced to Ti? *, whereas for the (8 x 2)-TIO, surface, there is a full monolayer of 
reduced Ti** sites [72, 416, 417]. Accordingly, strong binding between deposited Au 
and the TiO, surface is anticipated. Indeed, upon deposition of Au onto this (8 x 2)- 
TiO, surface followed by an anneal at 900 K, well-ordered Au monolayer and bilayer 
structures form with Au completely wetting the surface [72, 73, 416, 417]. The two 
ordered structures, designated as (1 x 1) Au-TiO, mono- and (1 x 3) Au-TiO, bi-layer, 
respectively, are shown schematically in Fig. 29b and c [72, 73, 416, 417]. Wetting was 
confirmed by AES, LEED, LEIS, and STM, as shown in the atomically resolved STM 
images of Fig. 30. A flat surface with large terraces 1s apparent with the presence of 
atomically resolved (1 x 1) and (1 x 3) structures. The electronic properties of the or- 
dered Au films were probed by CO adsorption using RAIRS. As shown in Fig. 31, the 
v(CO) frequency for CO adsorption on the (1 x 1)-Au/TiO,/Mo(1 12) is lower than 
that on bulk Au but higher than that on a (1 x 1)-Au/Mo(1 12). This is an evidence 
that the Au film is negatively charged with ~0.08 electrons per Au [73]. TPD indicates 
that the Au- TIO, interaction is much stronger compared with the Au-Au interaction, 
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Figure 31: CO RAIRS spectra on (a) (1 x 1)-Au/TiO,/Mo(1 1 2), (b) Au(8 ML)/Mo(1 12) and (c) (1 x 1)- 
Au/Mo(1 1 2) as a function of CO exposure at 90 K [73]. 
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Figure 32: TPD spectra of Au on Mo(112) with coverage of ~1 ML and on TiO,/Mo(1 12) with various Au 
coverages [417]. 
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Figure 33: Comparison of catalytic activities for CO oxidation on the Mo(112)-(1 x 3)-(Au,TiO,), 
Au/TiO,(1 10) and Au supported on high-surface-area TiO, with a mean particle size of ~3 nm. The insets 
show structural models using marks to indicate the active sites [33]. 
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as shown in Fig. 32. Kinetic measurements for the catalytic oxidation of carbon 
monoxide show that the (1 x 3)-Au- TIO, bilayer is significantly more active (by more 
than an order of magnitude) than the monolayer (see Fig. 26), and is about 45 times 
more active than that reported for the most active high-surface-area Au/TiO; catalyst 
[33, 72]. 

This is the first report of Au completely wetting an oxide surface and demonstrates 
that ultrathin Au films on an oxide surface have exceptionally high catalytic activity, 
comparable to the activity observed for Au clusters [33, 73]. This discovery is a key to 
understanding the nature of the active site of supported Au catalysts, in which a 
bilayer Au structure has been shown to be a critical feature for catalytically active Au 
clusters. As shown by the histogram in Fig. 33, the rates for ordered bilayers, model 
nanoparticles with two atomic layers in thickness, and the very best high-surface-area- 
supported catalysts are compared. The blue bars of the histogram are the computed 
rates based on total Au. The rates obtained for the ordered bilayers are approximately 
one order of magnitude higher than the rates for the high-surface-area-supported 
catalysts. Assuming that a combination of the first and second layer Au atoms is the 
active site (see the insets of Fig. 33), the rates, computed on a per active site basis from 
the corresponding particle structure, become comparable as shown by the red bars of 
the Fig. 33 histogram. Low-coordinated Au sites, support-to-cluster charge effects, 
and quantum size effects are key contributing factors to the unique catalytic activity 
for supported Au catalysts [33, 73, 74, 371]. 


6. CONCLUSIONS 


An abundance of recent studies has demonstrated that the synthesis of model oxide 
surfaces enables their exploration with a wide assortment of charged particle surface 
techniques. These model oxide surfaces offer unprecedented opportunities to address 
the details of the structure, electronic properties, and chemistry of oxide-supported 
metal clusters at the atomic/molecular level. With such model catalysts, a convenient 
method is now available to study important aspects of supported metal catalysts such 
as cluster size effects, cluster morphology, and support-cluster interactions. 

With the recent advent of operando techniques such as polarization modulation 
RAIRS, sum frequency vibrational spectroscopy, and synchrotron-based X-ray 
spectral/diffraction probes, model catalysts so prepared allow bridging of the pressure 
and material gaps of catalysis. Accordingly, new avenues are now accessible to 
directly connect studies of single crystals and ordered thin films under UHV envi- 
ronments with analogous investigations of catalytic processes of complex technical 
catalysts at realistic conditions. These advances will unquestionably lead to new 
insights into the optimization of existing catalysts and to the design of novel, new 
catalysts. 
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clusters 


S. Neukermans, E. Janssens, R.E. Silverans and P. Lievens* 


Laboratorium voor Vaste-Stoffysica en Magnetisme & INPAC-Institute for 
Nanoscale Physics and Chemistry, Katholieke Universiteit Leuven, Celestijnenlaan 
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1. INTRODUCTION 


The human interest in cluster physics may be a few hundred or thousand years older 
than what we generally assume. At least, several of the highly symmetric structures 
often encountered in clusters already intrigued human beings as early as the New 
Stone Age (Neolithicum) [1]. Hundreds of carved stones with lines corresponding to 
the edges of regular polyhedra were found in Scotland and believed to date back to 
around 2000 BC [2]. The icosahedron and dodecahedron were known to the ancient 
Greeks and described by Plato as two of the five Platonic solids, besides the tetra- 
hedron, cube, and octahedron. Dating back to the Roman time (second to fourth 
century), dozens of hollow bronze dodecahedra (Fig. 1) have been found in Austria, 
Belgium, France, Germany, Great Britain, Hungary, Luxembourg, the Netherlands, 
and Switzerland. Artmann also reports a Roman icosahedron, which, misclassified as 
a dodecahedron, was stored in a museum's basement for 40 years before it got rec- 
ognized as an icosahedron [3]. But, as is the case for the carved stones found in 
Scotland, their function remains mysterious. 

Even if it seems quite unlikely that people in ancient times had atomic clusters in 
mind, the possible existence of highly symmetric species constitutes a major issue in 
current atomic cluster physics. Although governed by the same fundamental laws, the 
physics of clusters is very different from their analogues on a macroscopic scale. Nano- 
meter-sized pieces of matter show magnetic, optical, chemical, catalytic, etc. properties 
different and often superior to their bulk counterparts. In this respect, in particular 
clusters composed of two types of atoms are considered to be very attractive study 
objects, as one can flexibly tune the unique physico-chemical properties of clusters by 
controlling their composition. After all, binary clusters composed of elements with 
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Figure 1: Highly symmetric bronze objects dating back to the Gallo-Roman time, dodecahedron (left) and 
icosahedron (right) of which a few tens have been retrieved all over Europe [1]. 


different valences allow to vary the total number of electrons independently of the 
number of constituent atoms. 

Playing around with the number and type of building blocks (nuclei and electrons) in 
atomic clusters was not arbitrarily invented merely to extend the range of cluster 
systems to be investigated. Pioneering mass spectrometric observations immediately 
revealed the influence of the number of atoms or the number of electrons, depending on 
the type of its constituent atoms, on the stability of clusters. The physical origin of the 
importance of the exact number of atoms or electrons, compared to bulk matter, relates 
to the large surface-to-volume ratio on one hand, and to the finite spacing between 
electronic energy levels or energy quantization in small clusters on the other hand. 

In clusters composed of rare gas atoms, the interatomic interactions are weak and 
isotropic. These aggregates are observed to form close-packed structures as was dis- 
covered in 1981 in a mass spectrum of xenon clusters by Echt and co-workers, which 
showed pronounced peaks or steps in abundances for clusters containing a 'magic 
number’ of 13, 55, 147... atoms [4]. The intervals between these numbers correspond 
to the completion of an additional layer of xenon atoms, consisting of 20 regular 
triangular faces arranged concentrically around the central atom forming the sym- 
metric icosahedral structures described by Mackay [5]. As such, the origin of these 
magic numbers is related to the geometric packing, or to shells of atoms in the clusters. 

On the other hand, clusters composed of alkali metal atoms feature metallic bonds 
provided by the itinerant valence electrons of the constituent atoms. The identification 
of magic numbers (2, 8, 20, 40, 58...) and their interpretation in terms of an electronic 
shell structure in small clusters of sodium in 1984 by Knight and co-workers [6] in one 
stroke inspired numerous research groups to embark on the line of cluster research. 

Where the packing in rare gases is interesting but more of a ‘fait-divers’, the study of 
metals is much more central to the subject of condensed matter physics and chemistry 
in general. The shell structure identified in alkali metal clusters has nothing to do with 
the packing of atoms. It is attributed to a delocalization behavior of valence electrons 
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Figure 2: Mass-abundance spectra of gold (left) and titanium (right) clusters, showing electronic and 
geometric magic numbers, respectively. The lower panel shows a schematic representation of the sequence of 
spherical electronic shells, as it applies to gold clusters, and a number of small symmetric geometric struc- 
tures, which apply to titanium clusters. 


of the constituent atoms. Each conduction electron is delocalized over the entire 
cluster volume and occupies a one-particle state in a centro-symmetric potential well. 
Clusters in which the number of delocalized electrons corresponds to the number of 
electrons required to fill an electronic shell are more stable and as such observed more 
abundantly. This is illustrated in Fig. 2 (left) for the case of pure gold cluster cations 
after photofragmentation. In the mass spectrum, steps are observed in abundance for 
cluster sizes containing 2, 8, 18, 20, 34... valence electrons. These numbers correspond 
to electronic shell filling numbers in the sequence of spherical shells 1s/1p/1d/2s/1f/.... 
Contrary to simple (alkali, noble) metal clusters, in the case of transition metal clusters 
such as titanium (Fig. 2, right), enhanced stabilities are observed for cluster sizes 7, 13, 
15, 19... corresponding to symmetric geometric structures. 

Ever since, the quest for both geometrically and electronically closed shell, and 
consequently very stable magic species is a leading thread in current cluster research. 
Highly symmetric clusters, presenting special structural, as well as electronic and 
thermodynamic stability, with tailored physical and chemical properties look very 
attractive as building blocks for nanostructured materials. And as mentioned above, 
aside from highly symmetric systems like Ceo [7], binary or doped clusters are well 
suited for this purpose, since they inherently offer the possibility of altering cluster 


274 S. NEUKERMANS ET AL. 


properties nearly at will by varying the number of atoms independently of the number 
of itinerant electrons. 

The study of (binary) clusters is interdisciplinary by definition. In inorganic chem- 
istry and solid-state chemistry, a traditional quest has been to understand how ma- 
terials are built up by combining different atoms, similarly, condensed matter physics 
has been aiming to understand the fundamentals of bulk properties by investigating 
small-scale precursors. Evidently, the complexity of this interdisciplinary field cannot 
be covered in a short review. Here, we will restrict the discussion to sets of mixed 
clusters where the interpretation of their properties strongly relies on shell structure 
descriptions, both shells of electrons and shells of atoms. This chapter reviews recent 
studies of small binary clusters, with less than 100 atoms per clusters. Because of these 
small sizes, many of the species can be considered as molecules, implying the use of 
molecular language when describing their structure. In this review, we will combine 
this with terminology borrowed from condensed matter physics. 

Two introductory sections give a concise description of how binary clusters are pro- 
duced and a summary of relevant cluster models, respectively. In the bulk of the fourth 
section, three types of binary cluster systems will be reviewed: electronegatively doped 
main group metals, transition-metal-doped noble metals, and metal-doped semi-metal 
clusters. In all three cases, special attention will be given to binary systems in which the 
interplay between electronic shell closing and specific geometries gives rise to pro- 
nounced or exceptional physico-chemical (stability, reactivity, magnetic, etc.) properties. 


2. PRODUCTION OF BINARY CLUSTERS 


A general overview of the different types of single-element cluster sources is given in 
Ref. [8]. Several cluster sources for producing binary clusters in a controlled way have 
been reported. Nearly all types of single-element cluster sources can be used to pro- 
duce binary clusters, which contain one element that is available as a gas (component), 
through the addition of (small amounts of) that reactant gas to the inert carrier gas of 
the source. The cluster composition can be tuned by controlling the partial pressure of 
the reactant gas. Typical examples of dopant gasses added to the carrier gas are Oo, 
Cb, H2O, etc. [9]. Although this technique is important and widely applied in par- 
ticular for the study of metal cluster oxides, the variety of binary systems that can be 
produced is rather limited. 

Bimetallic clusters have been produced by a single mixed-cartridge [10, 11] or dual 
cartridge [9] hot oven source. In the former, the relative abundance of the constituent 
elements can be adjusted by changing the mixing ratio in the cartridge, but is limited to 
a single evaporation temperature for both elements, and thus to fixed relative vapor 
pressures. The latter improves this concept by including separate temperature control 
for the two metals, allowing a larger range of mixing ratios. Applications of hot oven 
sources or thermal cluster sources are restricted to low boiling point metals and usu- 
ally produce relatively hot clusters. The first use of both a single mixed-cartridge [10] 
and dual cartridge [9] oven source was reported by Martin to produce arsenic sulfide 
clusters and cesium sulfide clusters, respectively. 

Laser vaporization sources [12] are an alternative to hot oven sources for the 
production of bimetallic clusters. Although the thermodynamical properties of this 
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Figure 3: (a) Schematic diagram of the original binary laser vaporization source developed by Kaya and 
co-workers using two separate metal rods [18]. (b) Schematic diagram of the binary laser vaporization 
source constructed by Lievens and co-workers using two different metal plates [19]. In both cases, the 
metal targets are vaporized by the second harmonics (532nm) of two Nd?*:YAG lasers and the He 
carrier gas (5-10 atm, 99.9999% purity) enters the source through a pulsed gas valve. The plumes of 
evaporated material are mixed with the inert carrier gas, collisions occur and cluster formation starts. The 
mixture of gas, atoms, and clusters expands adiabatically into the vacuum through the nozzle opening on the 
right. Hereby, the clusters are further cooled and cluster formation stops because of the rapidly decreasing 
density. 


kind of source are not as well described, it allows for cluster production of a greater 
variety of materials and produces colder clusters (Te 300 K). Binary metallic clusters 
have been produced by a variety of laser vaporization sources: single target sources 
using binary alloy targets [13, 14], pressed mixed powders [15], or coated rods [16], 
and dual-rod target sources using a split vaporization laser beam [17] or two vapor- 
ization lasers [18, 19]. The latter type, using two separate lasers for two separate 
targets, originally developed by Kaya and co-workers, has demonstrated to be the 
most versatile technique [20-22]. In Fig. 3, a schematic overview is given of two types 
of dual-target dual-laser vaporization sources, developed by Kaya and co-workers 
[18] and Lievens and co-workers [19], respectively. The use of two independent 
lasers allows varying vaporization energy and timing independently. The amount 
of introduced helium can be controlled through the gas valve. Cluster formation in 
a laser vaporization source is strongly dependent on the amount of three body 
collisions and the particle temperature, which is determined by collisions with the 
carrier gas atoms. This implies that the densities of the constituent elements and 
the carrier gas in the formation chamber are governing the aggregation process. The 
composition of the bimetallic clusters can be controlled by varying the partial pressures 
of the two metal vapors and the helium gas. The metal vapor pressures depend on 
the vaporization laser energies and on the time delays of the laser pulses with respect 
to the gas pulse. Furthermore, the cluster formation is influenced by the source 
geometry, in particular by the volume of the formation chamber and by the shape of 
the nozzle. 

To our knowledge, the use of other types of cluster sources for the production of 
bimetallic species is very rare. An example is the production of Au,Ag,, clusters from a 
sputtering source with silver-gold alloy targets [23]. 
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3. PHENOMENOLOGICAL MODELLING OF THE MANY BODY PROBLEM 
FOR DOPED METAL CLUSTERS 


Binary clusters impose an additional degree of complexity not only on experiments but 
also on theoretical models. In nearly all first-principles calculational approaches to the 
many-particle problem of a cluster, replacing one or more atoms (X) in a homoatomic 
cluster (X,) by one or more atoms of a different element (Y) drastically increases 
the number of possible structural isomers that have to be probed for optimization. 
Pioneering ab initio quantum chemical studies on different binary cluster systems 
already started in the late 1980s [24-28]. Although computational resources are 
rapidly evolving, quantum chemical computational studies of binary cluster systems 
still remain restricted to the smaller sizes (typically less than about 15-20 atoms) or 
high symmetries. Larger systems have been studied using molecular dynamics [29, 30]. 

Luckily, several (size-dependent) properties of simple metal (alkali, noble) clusters 
are not drastically influenced by the details of the ionic structure. In a jellium model, a 
significant simplification of the quantum mechanical many-particle problem is 
achieved, at the expense of computational accuracy, by introducing a constant 
potential replacing the effect of the ions and core electrons in the cluster. Only the 
many-body problem of the valence electrons confined by the interaction with this 
homogeneous distribution of positive charges is treated self-consistently with density 
functional theory [31]. Phenomenological shell models, inspired by the nuclear shell 
model, simplify the computational problem of a cluster even further and consider only 
the possible states of a single electron confined in a potential well of a given shape [8]. 
Nevertheless, the shell model is able to explain qualitative electronic shell effects in 
size-dependent properties of simple (alkali, noble) metal clusters, where the valence 
electrons of the constituent atoms can be considered itinerant. However, it is not a 
priori clear if this behavior can be extrapolated to heterogeneous clusters composed of 
two different (simple) metals. The different electron density, electron affinity, and 
ionization energy of the dopant atom perturbs the effective potential experienced by 
the valence electrons. The electronic energy level sequence and the electron delocal- 
ization behavior are also affected by this modified potential. 

If the valence electrons are itinerant, completely occupied electron states are re- 
sponsible for enhanced stability and abundance maxima are expected to occur at 
electron numbers 2, 8, 20, 34, 40... for spherical shapes. This should be the case 
irrespective of the number of cores contributing to the effective potential and in spite 
of the heterogeneous ionic structure. Experimental studies on doped alkaline [32-38], 
aluminum [39, 40], and coinage [41—43] metal clusters indeed showed that the free- 
electron picture remains valid, at least to a certain extent. More stable clusters corres- 
pond to systems where the total amount of valence electrons equals one of the known 
spherical magic numbers. 

However, a number of stable heterogeneous clusters were found, which correspond 
to electron numbers that are not observed for single element clusters. Evidence for a 
magic number corresponding to 10 electrons was found in clusters doped with elec- 
tronegative elements, such as KgZn, NapAu, NagPb, KgMg, and NagZn [33, 36-38], 
while 18 was found to be a pronounced magic number in species doped with elec- 
tropositive elements, such as Au;sCu ^, Au;gAl ^, and AujgIn ^ [41, 42]. These novel 
magic numbers were related to dopant-induced changes in the energy level sequence. 
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Figure 4: Wood-Saxon potential for Na4o and a modified Wood-Saxon potential for Na3gMg (both clusters 
have a total of 40 valence electrons). Their respective eigenstates are compared with identical energy scale to 
illustrate the modification of the potential due to the incorporated heteroatom. The heteroatom induces a 
depression at the center of the well. This leads mainly to a selective stabilization of ns states (states with 
angular momentum zero) and in a weaker fashion for p» d» f.... In the tables, the energy, principal and 
angular momentum quantum numbers (n and D. and the sum of valence electrons for the calculated 
eigenstates are listed for Na49 and Na3gMg, respectively. The difference in the level order is due to a 1d/2s 
level inversion. (Reproduced with permission from Ref. 36.) 


The standard jellium model is inadequate to explain these changes, since it assumes a 
uniformly charged background. A two-step spherical jellium model was introduced to 
deal with this shortcoming. Host and impurity atoms are both characterized by a 
uniform but different positively charged background [44-46]. Similarly, a modified 
phenomenological (Wood-Saxon) potential was used to account for the ‘new’ magic 
numbers observed in doped alkali cluster systems [36]. The latter is illustrated in Fig. 4. 
In both approaches, two situations can be distinguished [47], as illustrated schemat- 
ically in Fig. 5. 


() If the central heteroatom is more electronegative than the host atoms, the effec- 
tive potential is more attractive at the center of the cluster. Orbitals that have 
(most of) their density in the center (i.e., s, and to a lesser extent p levels) will 
energetically be favored, while orbitals that have several nodal planes crossing the 
origin (d and f levels) remain relatively unaffected. The deeper the depression, the 
more the ns states are pulled down. A small depression results in a shift of the 
energy levels and fades electronic shell closings for 18 and 34 electrons. A 
stronger depression results in 1d/2s and 1f/2p level inversions and the new magic 
numbers 10 and 26, while the 18 and 34 electron shell closures disappear. The 
level sequence becomes 1s/1p/2s/1d/2p/1f/... with corresponding magic numbers 
2, 8, 10, 20, 26, 40... (see Fig. 5b). 

(ii) If the central heteroatom is less electronegative than the host atoms, it causes a 
hump in the center of the potential. This leads to an upward shift of the ns levels 
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(a) (b) (c) 


Figure 5: Schematic representation of the single particle energy levels in the standard jellium model (a) and 
in the two-step jellium model with a depression (b) and an increase (c) in the central part of the back- 
ground potential. Note the lowering of the 2s and the 2p levels in (b) causing the magic numbers 10 and 26, 
and the lifting of the 2s level in (c) enhancing the magic number 18. (Reproduced with permission from 
Ref. [47].) 


relative to the levels with non-zero angular momentum. Regardless of the exact 
shape of the potential this again will cause level shifts, e.g., enlarge the gap between 
the 1d and 2s levels, and decrease the spacing between the 2s and 1f levels. The 
magic number 20 disappears in favor of the magic number 18, resulting in a 1s/1p/ 
1d/2s/1f/2p/... level sequence with magic numbers 2, 8, 18, 34, 40... (see Fig. 5c). 


It should be noted that modified jellium or phenomenological models only hold for 
(centro-symmetrically) singly doped species or segregated binary clusters, since a 
spherical symmetry is assumed and both models naively incorporate the ionic struc- 
ture. For clusters with a reduced symmetry, for example if the heteroatom is in an off- 
center position, one may no longer be able to assign electron shells and energy levels 
using a simple spherical phenomenological potential. Also, in multiply doped species 
(alloy clusters) or doped metal clusters composed of atoms with a large difference in 
electronegativity, the manifestation of electronic shell effects in their physico-chemical 
properties can be strongly suppressed because of the formation of covalent/directional 
and/or ionic bonds. 

Size-dependent features in the properties of certain types of clusters cannot be 
explained using simplified electronic shell models. The magic behavior in their prop- 
erties depends more on the atomic packing or the optimization of d-d interactions and 
is governed by symmetric geometric structures, often termed shells of atoms [48]. This 
is, in general, the case for larger clusters of nearly all materials, since the band of 
electronic states broadens and the highest occupied-lowest unoccupied molecular or- 
bital (HOMO-LUMO) gap, which is a measure for the electronic shell closing effect, 
becomes small. However, for certain clusters, atomic shells or close-packed structures 
also are important in the small size range. Transition metal clusters, due to the 
presence of partially occupied d states, feature magic numbers of atoms that corres- 
pond to symmetric close-packed structures, for example, 7 (bicapped pentagon or half 
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icosahedron), 13 (icosahedron), 15 (bcc unit), 19 (double icosahedron), etc. Also clus- 
ters of covalently bound non-metals usually have more open geometries that satisfy the 
specific highly directional bonding requirements of these elements [49]. Carbon species 
may adopt geometries as diverse as chains, rings, graphene sheets, fullerenes, and 
nanotubes. Silicon and germanium clusters, up to nx25-35, form prolate structures 
that are built by stacking exceptionally stable Sig and Ges tricapped trigonal prism 
units [50, 51], and rearrange to more spherical morphologies for larger sizes. 
Important is the fact that the stability of several of these geometries can be further 
enhanced by proper doping. The stability of a 13-atom icosahedron can be enhanced 
by substituting the central atom by a suitable heteroatom. This arises due to the fact 
that the vertex-vertex bonds (a) are about 5% longer than center-vertex bonds (R): 


51/4 


R=- Va 


where $ = (1 + /5)/2 = 1.618... is the golden ratio or divine proportion. For ex- 
ample, symmetric Si, and Ge, cages are known to be stabilized by transition metal 
encapsulation. Hereby the open d-band of the transition metal dopant is crucial to 
host the dangling bond electrons of the surrounding S1, or Ge, cages [52, 53]. 


4. A SELECTION OF DOPED METAL CLUSTER SYSTEMS 


4.1. Electronegatively doped group I, II, and III metal clusters 

Metallic clusters doped with electronegative elements ((C), O, S, F, Cl, I, etc.) prob- 
ably are the oldest type of binary cluster systems that have been investigated. No dual 
cluster source is required to study these systems because the dopants can be added in 
gaseous form to the carrier gas of the source. Depicting a single pioneering study on 
metal clusters doped with electronegative elements is very difficult. Nevertheless, the 
identification of Liz0, by Wu and co-workers [54] in 1979, as a very stable molecule in 
a mass spectrometric analysis of the vapor from Knudsen effusion of solid lithium 
oxide, can be regarded as an important step in the onset of binary metal cluster physics 
and chemistry. Despite the fact that the normal octet rule in traditional chemical 
bonding is violated, its dissociation energy toward the corresponding octet molecule 
Li;O was found to be very high (2.45 +0.50 eV) [54]. 

About 4 years later, the origin of the unusual stability observed for Li30 was revealed 
by Schleyer and co-workers, who computationally investigated a large number of stable 
M,X molecules having polycoordinated central atoms (X), which suggests violation of 
the octet rule [26]. In these species, excess electrons (beyond the usual octet) populate 
an orbital with a highly delocalized character. Such an orbital, usually the HOMO, are 
antibonding with respect to M—X, but bonding with respect to M-M. 

Species with this behavior have been termed hypermetallated, and numerous exam- 
ples exist. They all exhibit an exceptional stability although formally the octet rule in 
the chemical bonding is violated. For example, Li4O, LisO, LisC, and LigC are found to 
be thermodynamically stable toward all possible dissociation modes [26, 27, 55-58]. In 
Fig. 6, a mass-abundance spectrum of lithium-carbon clusters is shown featuring the 
exceptional stability of LigC [55, 59]. The energy level scheme and corresponding mo- 
lecular orbitals show a 10-electron closed-shell structure (1s*/1p°/2s”) and a HOMO 
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Figure 6: (a) Mass-abundance spectra of doped Li clusters ionized with photons of 6.4eV, employing 
isotopically enriched "Li as a vaporization target. Insets: (1) selected mass region around LigC, and (2) same 
mass region as (1) employing natural *’Li metal. (b) Ground-state geometry, energy level scheme, and 
orbitals of the octahedral LigC from a density functional theory calculation. The 10 valence electrons of LigC 
occupy the five depicted molecular orbitals. The two lowest energy electrons are located around the central C 
atom in an orbital with a,, symmetry (1s type). The ionic bonds of all Li atoms to the C atom consume six 
electrons, located in triple degenerate 71, orbitals (1p type). The HOMO of oa symmetry (2s type) contains 
the two remaining electrons that are located on a far extended orbit that is Li-Li bonding and Li-C 
antibonding. 
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orbital that is antibonding with respect to Li-C but strongly Li-Li bonding. Many 
examples have been studied computationally [26, 27, 56, 60, 61] and identified exper- 
imentally [55, 58, 62-64]. In general, hypermetallic species (M.S) consist of an elec- 
tronegative main group element (X = O, C, N, B, F, Cl, S, P, Be, etc.) surrounded by a 
shell of metal atoms (M = Li, Na, K, Mg, Al, In, Si, etc.). Notice that Liz0 can be 
considered as a sort of cluster precursor since the classical chemical bonding in normal 
molecules (directional and fully saturated bonds) is violated. Instead, an excess electron 
in an orbital delocalized over the entire system provides extra bonding. This delocalized 
electronic bonding is a typical characteristic for metal clusters compared to regular 
molecules. 

Along with the development of cluster sources, larger clusters composed of mixtures 
of electronegative and metal atoms could also be studied. One particular example is a 
class of molecular clusters, the so-called Met-Cars (short for metallo-carbohedrenes), 
where for a number of mixed carbon and transition metal clusters, specific stoi- 
chiometries and sizes with enhanced stability were discovered [65]. Another subset is 
formed by alkali metals with electronegative elements. In several cases, such systems, 
e.g., Cs,Om, Li,O,, Li„C, Na,O,, LinHm, NanFm [59, 66-71], showed segregation 
between an ionically bound bulk-like crystallite and a metallic part with properties 
very similar to bare metal clusters. In the case of oxygen-doped clusters, segregation or 
alloy formation strongly depends on the dopant concentration. In a threshold pho- 
toionization study of (monovalent) cesium oxide clusters, peculiarly high ionization 
energy values were found for Cs. +>,0, species with z = 8, 18, 34, 58, 92...; sizes that 
correspond to magic numbers resulting from a simple spherical shell model [68]. Most 
probably, segregation occurs between an ionically bound Cs5,O, unit and a shell of z 
surrounding cesium atoms, which leads to the unexpected spherically symmetric 
potential well in which z delocalized valence electrons are confined. In oxygen- or 
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Figure 7: Mass spectra of evaporative sub-ensembles of Li} (LO), versus p for several sizes of the ionic 
component (UL GO, Mixed lithium-lithium oxide aggregates are experimentally obtained from unimolecular 
evaporative cascades starting from metal rich Lit (Li?O),. The results provide evidence that the properties of 
the quantum metallic droplet, i.e., shell-closing and odd-even alternation, are vanishing with increasing size 
of the oxide component. Note, for example, the gradual disappearance of the enhanced abundance of the 
p — 9 species, which corresponds to the electronic shell closing for eight delocalized valence electrons, with 
increasing ionic component n. (Reproduced with permission from Ref. [72].) 


carbon-doped lithium clusters, electronic shell closings could be identified in the size- 
dependent ionization energies [59, 66, 67]. In a photofragmentation study, of metal- 
rich lithium oxide clusters Li} (Li5O),, loss of metallicity was observed for increasing 
size (n) of the oxide component [72]. As illustrated in Fig. 7, the results show vanishing 
of the odd-even alternation and the disappearance of an electronic shell closing for 
8 itinerant electrons. Another example is a unimolecular evaporation study of lithium- 
rich LH cluster ions, which indicated a clear separation between a metallic Li; ,, 
part and an insulating (LiH),, part [71]. 

The picture appears to be completely different in the case of divalent metal oxide 
clusters, e.g., (MgO)*, (MgO),Mg", Ca, Ba, [73-76]. High peak intensities in 
mass-abundance spectra or variations in ionization energies cannot be related to 
electronic shell closing but rather to structural or geometric effects. In particular, the 
segregation model, which holds relatively well for doped alkali clusters, does not seem 
to be valid for alkaline-earth oxides. Studies on the third main group metal oxide 
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clusters, i.e., Al, Om, Ga,O,,, In,O,, [77], report an enhanced stability for cluster ions 
containing an even number of electrons, even for the oxygen-rich ones. Nevertheless, 
as for their pure metal counterparts, their size-dependent properties seem to be gov- 
erned by the interplay between electronic and geometric factors. Among the species 
doped with a single electronegative atom, enhanced stabilities or electronic shell clos- 
ing effects in their electronic properties (ionization energies, photoelectron spectra) 
have been reported for AEN, ALC In;O ^, Al}>C, and Al;;B^ [78-81], which can be 
related to electronic shell closing numbers 26 and 40 that show up in electronic shell 
models modified for electronegative central dopant atoms, as discussed above. More- 
over, the enhanced stabilities of the 13-atom species Al;9C and Alb are due to the 
combined effect of a closed electronic structure and a highly symmetric dopant- 
encapsulated icosahedral structure [82]. As an example of the eight-atom species, the 
electronic structure resulting from quantum chemical calculations of the endohedral 
In;O* C, isomer is shown in Fig. 8. The pattern shows a closed electronic shell 
structure with a large HOMO-LUMO gap of 2.3 eV and 26 electrons in 13 delocalized 
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Figure 8: Energy level sequence and corresponding orbitals of the C3, ground-state isomer of In;O *, 
computed using density functional theory [81], showing 26 electrons in 13 delocalized orbitals and a large 
HOMO-LUMO gap of 2.3eV confirming its magic electronic character. 
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orbitals. Because of the rather spherical shape of the C;,-isomer, the orbitals, to a 
certain extent, resemble the s, p, and d type spherical harmonics. Notice that both the 
energy gaps (shell closings) at 10 and 26 electrons are present in the modified two-step 
jellium model (Fig. 5) discussed above for a central depression of the potential due to a 
central electronegative dopant. The latter example illustrates how valuable simple 
spherical shell models are in predicting the basic electronic properties of a large variety 
of clusters and, the other way round, how these basic features remain present in the 
output of more sophisticated quantum chemical computations. 

More recently, iodized aluminum clusters attracted a lot of attention in the quest for 
clusters with coincident closures of their electronic and geometric shells that can act as 
superatoms. The observation of the very stable All cluster evidences the super- 
halogen character of Al,3, lacking one electron to form a 40-electron closed-shell 
structure [83]. The stability and reactivity of the All, and Alj4I, series also are 
interpreted in terms of a simple spherical shell model, and their potential use in 
superatom chemistry is addressed [84]. 

It should be noted that, apart form the doped main group metal clusters, numerous 
studies are available on transition metal oxide clusters. Because of the open d shell of 
the transition metal atoms, size-dependent properties of such clusters are governed by 
a complex interplay between electronic and structural aspects and are impossible to 
describe using simple electronic and geometric shell models. 


4.2. Transition-metal-doped coinage metal clusters 

Size-dependent properties, e.g., stability patterns in mass-abundance spectra, ioniza- 
tion energies, dissociation energies, etc., of coinage metal (Cu, Ag, and Au) clusters 
can be described by theoretical models based on the dominating role of the number of 
delocalized valence electrons as in the case of, for example, simple alkali metal clusters, 
because they have a completely filled d shell and one valence s electron in the atomic 
ground state. On the other hand, a simple electronic shell model cannot be applied for 
clusters comprised of more complex atoms, such as open d shell transition metals. The 
d electrons of transition metals engage in more localized, directional bonding than the 
outermost s and p electrons of simple metals. With the study of transition-metal-doped 
noble metal clusters, the interaction between localized bonds and free electrons can be 
examined. 

The radial extent of the open d shell is an important parameter. The extent decreases 
along a row (e.g., from Sc to Ni) and increases with the increasing row number (e.g., 
from Sc to Ac). Large dopant d orbitals can hybridize strongly with host s or d 
electrons. This increases the tendency toward itinerant d behaviour, in such a way that 
the d electrons should be considered as free electrons. On the other hand, smaller d 
orbitals do not interact strongly with the host electrons. 

A photofragmentation mass spectrometry study of Au, clusters doped with 3d 
transition metal atoms demonstrated that the light dopants (Sc, Ti) contribute both 
their 4s and 3d electrons to the cloud of itinerant electrons, while for the heavier 
elements (Cr, Mn, Fe, Co, Ni) only the 4s electrons are delocalized [85, 86]. The 
interpretation was supported by the shapes of the HOMOs found in density functional 
theory calculations [87, 88]. The difference between the light and heavy dopants is 
related to the different size of d electron wave functions resulting in a stronger or 
weaker hybridization with the gold valence electrons. Moreover, if only the dopant s 
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electrons are itinerant, the energetic competition between 3d*4s* and 3d" * !4s! dopant 
configurations is crucial. Most often, the monovalent or divalent character agrees with 
the atomic ground-state configuration of the free atom. However, the host environ- 
ment may alter energetic preferences, e.g., Cr (3d°4s') is divalent in Au,, Ni (3d54s?) is 
monovalent in Na,, Cu,, and Au, [85, 89], and Co (Gd Ae) acts monovalent in Al,, 
while it is divalent in Au, [85, 90]. 

The stability patterns of the doped Au, clusters mentioned above were discussed on 
the basis of a simple phenomenological shell model, taking into account only the 
electronic structure of the dopant atom. In several doped systems, e.g., Auer. 
AuısTi", Auch ^ (X = Cr, Mn, Fe, Co), AujgNi ^, or Auen ^, the magic number 18 
manifests itself as a strong shell-closing, at the cost of 20, which 1s observed for pure 
Au, clusters. As an example, the photofragmentation spectrum of cationic Au, Y * 
clusters is given in Fig. 9 [42]. The most pronounced feature in this mass spectrum is 
the intense signal recorded for AujgY `. which is a direct fingerprint of the high 
stability of this species relative to neighboring cluster sizes and relates to the closed 
electronic shell structure formed by the 18 valence electrons. 

Besides a dopant dependence of the electronic structure, this study also indicates 
how the cluster shape can be modified by proper doping, resulting in new magic 
numbers that correspond to planar cluster species. While Aug is observed as a magic 
cluster containing eight delocalized electrons in the case of pure gold cationic clusters, 
the mass-abundance spectra of Au,X" (X = Cr, Mn, Fe, Co, Zn) feature enhanced 
stability for AusX* systems, which is ascribed to a planar triangular ground-state 
structure in combination with six delocalized electrons being a magic number for 2D 
systems [86, 91, 92]. The experiments showed very little evidence for an enhanced 
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Figure 9: Mass-abundance spectrum of Au, Y,,* clusters after photofragmentation. The solid line connects 
the Au, Y~ species. Steps in abundance are observed at n = 2, 6, 16, 32, and 56. The pronounced pattern 
results from cooling by fragmentation and can be explained by the enhanced stability related to electronic 
shell closings for 2, 8, 18, 34, and 58 delocalized valence electrons [42]. Recent computational studies predict 
stable endohedral fullerene-like structures for Au;5Y and Au;sSc clusters, which are isoelectronic with 
Au,6Y * [112]. (Reproduced with permission from Ref. [42].) 
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stability of Au;X "` species, which should contain eight valence electrons. The elec- 
tronic structure and magnetic properties of AugM (M = Ti, V, Cr) have been in- 
vestigated experimentally using photoelectron spectroscopy and density functional 
theory calculations [93]. It is found that all AugM and AugM clusters possess a 
planar structure, in which the transition metal atom is located in the center of an Aug 
ring and carries large magnetic moments. Meanwhile, also homogeneous gold clusters 
are known to be planar up to fairly large sizes, depending on their charge state, due to 
relativistically enhanced s-d hybridization [94—96]. 

Transition-metal-doped gold clusters not only have been studied because of the 
fundamental interest in the interplay between geometric and electronic effects in 
bimetallic clusters. At the same time, the peculiar optical and catalytic properties 
observed for pure gold clusters [97] triggered the search for highly stable transition- 
metal-doped gold clusters, since the additional degree of freedom inherent to bime- 
tallic clusters can enhance the chemical versatility for tuning the electronic and 
geometric properties of gold-based clusters and related potential applications. 

The pioneering example in this respect is the icosahedral Au,>W cluster [98-101]. In 
the latter, the W dopant atom has large d orbitals and delocalizes both its two 6s and 
four 5d electrons. This cluster has a compact geometry with the tungsten atom in the 
center of a cage and a closed-shell electronic structure with a large HOMO-LUMO 
gap, confirmed experimentally by photoelectron spectroscopy [99]. Au,.W is stabilized 
for three complementary reasons: (i) relativistic effects that strengthen the radial 
W-Au and the covalent Au-Au bonds, (ii) aurophilic attraction in the periphery, and 
(iii) a closed electronic structure with 18 valence electrons [98]. The electrons occupy 
orbitals with aj, tiu and hg symmetries that show similarities to the Is, Ip, and Id 
spherical levels, although the orbital shapes are somewhat more complex because of 
strong gold s-d hybridization). Meanwhile, the isoelectronic species Au,;2Mo, Auch, 
AuyNb’, and Aula have been produced and characterized experimentally by 
photoelectron spectroscopy, while the theoretically predicted isoelectronic cation 
Au Re, however, has not. It should be noted that icosahedral Au;;Pd has been 
prepared chemically in solution [102] and characterized computationally [103] before 
Au;?W; however, this is not a magic closed electronic shell cluster. 

Although Au,.W was originally thought to be stiff, a careful study of its vibrational 
properties [100] actually showed it to be very soft in the angular motions of the W-Au 
bonds, a property shared by many systems with Au-Au bonds [96]. Another indi- 
cation of this softness is that Auj2W completely deforms when placed inside a Sigo 
cage [104]. As can be seen in Fig. 10, the magic Au;?W cluster interacts strongly with 
Bien and stabilizes the caged structure. This interaction completely destroys the 
icosahedral geometry of Auj?W and the symmetry of the Bien cage. 

A number of fullerene-like pure gold cages of different sizes, e.g., Au26 [105], Aus? 
[106], Aus [107], Ausg [108], have been predicted. More recently, experimental ev- 
idence for the existence of hollow Au, (n — 16-18, 20) cages was deduced from PES 
data [109, 110]. Calculations suggest that these hollow Au, (n — 16-18) cages can 
easily accommodate a guest atom with very little structural distortion to the host 
cages. Indeed, a number of highly stable gold-covered bimetallic clusters, M@Au, 
(n = 9-17) obeying the 18-electron rule, were predicted computationally [111, 112]. It 
is found that starting from n — 9, the heteroatom (M) prefers to be entirely sur- 
rounded by gold atoms to attain the lowest-energy structure. In particular, WAu;», 
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Figure 10: The initial (a) and optimized (b) geometries of AuW in Bien, The magic AuW cluster is 
chemically active in Bien and strongly interacts with the cage, resulting in a large energy gain, stabilization, 
and major deformation of both the doped gold cluster and the Sigg cage. (Reproduced with permission from 
Ref. [104].) 


Auj,4Zr, Auj;sSc, and Auj;5Y would stand out in stability, as concluded by their high 
binding energy per atom (>2.40eV) as well as a large HOMO-LUMO gap 
(2 1.70eV). The latter may explain the very large abundances observed experimen- 
tally for the isoelectronic cations Auen ^ and Au,,Sc* in the photofragmentation 
studies mentioned above [42, 85]. Note that the endohedral geometry of these clusters 
confirms the shell model interpretation based on a hump at the center of the phen- 
omenological potential. 

In another theoretical study, AujsSi is found to be a stable dopant-encapsulated 
tetrahedral, geometrically robust cage, satisfying the 20-electron shell closing of the 
conventional jellium model [113]. 

To end the overview of gold-based binary systems, we want to mention a recently 
reported ‘eccentric’ computational example of a molecular gold-plated diamond 
CsAuj> cluster [114]. A tetrahedral C5 radical (unit of the diamond crystal lattice) is 
encapsulated in an Au; layer of matching geometry, with the gold atoms in positions 
correlating to the pattern of bonds of the sp*-hybridized carbon atoms, resulting in 
nearly isoenergetic distorted icosahedral and octahedral geometries. 

To our knowledge, studies on binary silver-based clusters are much less numerous 
compared to gold. However, the 3d transition-metal-doped gold clusters’ study men- 
tioned above has been extended to silver clusters [115-118]. The stability patterns of 
Ag,X' (X = Sc, Ti, V, Cr, Mn, Ni, Cu) reflect an electronic shell structure with 
dopant-dependent magic numbers. The open 3d shell transition metal dopant is con- 
sidered to contribute its 4s electrons (for Cr up to Ni) or its 3d and 4s electrons (Sc and 
selected sizes for Ti and V) to a cloud of itinerant electrons. Among the clusters 
containing 18 valence electrons, remarkable stabilities are observed for AgısSc", 
AgisTi ^ , Agi4V `. similar to doped gold. The size-dependent electron delocalization is 
attributed to the small energy difference between 3d'4s? and 3d**'4s' atomic 
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Figure 11: Ground-state geometries of Ag [117], AgsSc* [117], AgsFe* [117], AgsFe? [119], AgsFe™ [119], 
Aug, AusSc* [92], AusFe* [92], AusZn? [91], and AusZn* [91] clusters obtained with density functional 
theory. 


configurations of the dopant atoms. Contrary to doped gold clusters, Ag X" (X = V, 
Cr, Mn, Fe, Co) species do not show up as particularly stable and as such no evidence 
is found for the existence of 2D electronic shell closures in doped silver clusters [116]. 
Nevertheless, a density functional theory study revealed that the AgsX* (X = Sc, Ti, 
V, Cr, Mn, Fe, Co, and Ni) clusters prefer planar or semi-planar Cs, symmetries, 
significantly flattened compared to the 3D tripyramidal geometry found for pure Agg , 
indicating that the transition metal dopant enhances the planar character of the clus- 
ters [117]. In all low-energy isomers, the dopant occupies a highly coordinated site. 
Also, a high spin magnetic moment is found on the dopant atoms, only slightly lower 
than the free-atom value, which is a signature for limited silver 5s dopant 3d hybrid- 
ization. These results were recently extended toward neutral and anionic Ag;X^^ 
(X = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) clusters [119]. In Fig. 11, the ground-state 
geometries of a few doped AgsX * ^ and AusX ' ? are compared with the geometries 
of Agg and Aug. Where both the bare gold and the doped gold clusters are planar, 
several three-dimensional geometries are found for the doped silver clusters. However, 
most AgsX^ * ^^ clusters are seriously flattened compared to the bare Agg ^^ geome- 
tries [119]. A comparison of the cationic AgsF e^, the neutral AgsF e?, and the anionic 
AgsFe shows that the charge state can also have an important influence on the 
structure. 

The most astonishing observation for 3d transition-metal-doped silver clusters is the 
strong stability of Agi; Fe", AgigCo ^, and AggNi * [115]. Enhanced stabilities for the 
corresponding sizes were not observed for doped gold clusters. These stabilities could 
be explained by an itinerant behavior of both the 4s and 3d dopant atom electrons. In 
that case, the Fe, Co, and Ni atoms in AgııFe*, AgjpCo*, and AggNi^ would 
delocalize 8, 9, and 10 valence electrons, respectively, yielding a total of 18 electrons, a 
magic number in the spherical shell model. Although unrealistic at first sight, this 
argumentation was confirmed by detailed quantum chemical calculations of the elec- 
tronic and geometric structure of AgıoCo* [115]. The latter was found to have a 


288 S. NEUKERMANS ET AL. 





























+ + (a) 
Ag;Co* -—— AggCo 

A 
m 
2 
2 
s 
£g 
o 
c 

EGER ties wt et? Po? Poe Se Te 

100 105 110 115 

AgioCo* =+— Ag42C0* (c) 

ee EECH EE 

110 115 120 125 


Flight time (us) 


Figure 12: Delayed fragmentation spectra of (a) AggCo*, (b) AgioCo ^, and (c) Agi;Co ^. The main frag- 
mentation channel is labeled and appears to be size dependent. AggCo* decays mainly by neutral silver 
evaporation. This is also the main dissociation channel for most other cluster sizes (see Ref. [118] for more 
details). However, AgigCo* does not show any delayed fragmentation, which is consistent with the high 
stability of this cluster [115]. For Agi5Co ^, the main dissociation channel is the evaporation of a silver 
dimer, to create the stable AgjyCo * . The successive evaporation of two silver monomers is not very likely, 
since this would require the presence of a significant amount of Ag;,Co* fragments. 


symmetric endohedral geometry (only slightly distorted from D4a) with a closed 
18-electron singlet electronic shell structure, implying that the magnetic moment on 
the cobalt atom is completely quenched. Hybridization of the atomic silver 5s levels 
with the cobalt 3d levels leads to the formation of delocalized molecular orbitals that 
resemble the spherical harmonic 1s, 1p, and 1d functions. This specific size and com- 
position dependent behavior is analogous to the screening electron cloud formation in 
magnetic-element-doped bulk metals and therefore can be interpreted as a finite-size 
precursor of a Kondo system. It should be noted that a similar behavior has been 
predicted in a number of highly symmetric transition-metal-doped noble metal clus- 
ters: Cuj5Cr [120], Agı2Cr [121], Au,>Cr [122], and Au,.W. 

By investigating the preferable dissociation channel after laser heating and subse- 
quent fragmentation of mixed silver-cobalt particles, it was recently shown that in 
clusters containing mainly silver, the cobalt sits at the cluster center and fragmentation 
proceeds by the evaporation of silver surface atoms [118]. In clusters containing 
mainly cobalt, silver atoms also locate at the periphery and are more weakly bound to 
the cluster than the cobalt surface atoms. Moreover, the special stability of AgigCo * 
was demonstrated in these delayed fragmentation studies, as is shown in Fig. 12. 


4.3. Transition-metal/metal-doped group IV 
Silicon is one of the most important materials used in microelectronics industry. 
Stimulated by the discovery of carbon fullerenes and, later on, carbon nanotubes, 
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many efforts are made to search for similar silicon cage structures. However, although 
silicon shares the diamond structure with carbon, both elements behave differently in 
clusters. Carbon prefers sp? bonding, which appears in the structure of graphite, while 
silicon prefers sp? bonding. The latter makes it difficult to form stable hollow 
cage structures such as Ceo. A possible approach to stabilize hollow silicon cage 
structures was proposed by Jackson and Nellermoe [123]. Inspired by small Cog full- 
erenes that were stabilized by a central guest atom as, for example, in UC [124], 
applying the same idea, a strikingly large binding energy (15.2 eV) is obtained for the 
icosahedral S159 cage, which is not a stable isomer for the bare cage, by putting a 
zirconium atom inside. 

About 10 years earlier, Beck had already discovered stable silicon cluster-metal 
atom compounds of remarkable but identical stoichiometries for three different tran- 
sition metal dopants, namely chromium, molybdenum, and tungsten: $145M and 
SiisM (M = Cr, Mo, and W) [125]. However, despite a valuable attempt based on a 
topological model [126], the magic behavior of these structures remained unexplained 
for more than a decade until Kumar and Kawazoe computationally attributed the 
strong stability to dopant-encapsulated cage-like structures with large values of bind- 
ing energy, HOMO-LUMO gap, and embedding energy of the dopant atom [127]. 
The magnetic moment of the dopants is completely quenched. An interesting property 
of these metal-encapsulated silicon clusters lies in the tunability of the band gap 
depending on the dopant atom. Metal dopants can enhance the symmetry of the host 
cluster or enlarge the HOMO-LUMO gap into the region of visible light. 

Experiments on endohedral complexes involving metal atoms and non-metallic Si, 
cages have demonstrated that Si;4Hf, Si,3Ta, Sij2W, and Sij, Re clusters are magic 
[128]. Calculations on SijoFe, Sij2Cr, and Sij;W predict endohedral geometries (no 
icosahedra) with interesting electronic structures [128-130]. The central dopant atom 
in the Si,X clusters has a md? "(m + 1)s? electron configuration and interacts with 
all n silicon atoms. If each silicon atom is singly bonded to the central atom, this atom 
gets 18 electrons (18 — n — 2 from d orbitals, 2 from s orbitals, and n from the silicon 
neighbors) in total. The transition metal dopant obtains a closed electronic structure, 
in accordance with the 18-electron rule for d-block organometallic complexes. This 
rule states that the number of non-bonded electrons at the metal plus the number of 
electrons in the metal—ligand bonds should be 18 [131]. At the same time, three valence 
electrons are left for each silicon atom, making it possible to form a silicon polyhedron 
without dangling bonds [128, 130]. So, these clusters are not stabilized by the for- 
mation of closed jellium states but by the 18-electron rule for the metal dopant in 
combination with a covalently bonded silicon cage. 

Most recently, Nakajima and co-workers [132] reported the selective formation of 
highly stable SijsM (M = Sc, Ti, and V) clusters by fine-tuning the laser vaporization 
source conditions (Fig. 13). Sich ^, SijgTi, and SijgSc^ are closed electronic shell 
systems. Similar to Al: discussed above, the reactivity of SijgM toward F, was ex- 
amined. The formation of Sis VF suggests that Sie is an alkali atom-like species and 
SijgSc” is suggested to behave like a superhalogen, similar to Al: [83, 84]. 

The initial interest in doped silicon systems [133-148] rapidly extended to its higher 
mass congeners [52, 149-153]. Notable examples, computationally predicted, are 
metal-encapsulated icosahedral superatoms of germanium and tin, Ge,.Zn and 
Sn,,Cd, with large HOMO-LUMO gaps, or Ge,2Mn and Sn,2Mn, with high magnetic 
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Figure 13: Mass spectra showing size-selective formation of (A) TiSi;g neutrals, (B) ScSi;g anions, and 
(C) VSi;s. (Reproduced with permission from Ref. [132].) 


moments. A number of typical endohedral close-packed structures for metal-encap- 
sulated group IV clusters X@M, in the size range n = 10, 12, 14-16 are shown in 
Fig. 14 [154]. Experimental studies, however, are far more scarce than for doped silicon 
species [53, 125, 132, 155-158]. A mass spectrometric study on Ge,Co,, Sn,Co , and 
Pb„Co” anions reports an enhanced stability for Pbjo,;2Co [159]. 





Figure 14: Close-packed structures of M-encapsulated clusters of X atoms: (a) bicapped tetragonal anti- 
prism for Be@Sijo, Ni@Gejo, and Pt@Snjo; (b) icosahedral Beck, Mn@Xı2 (X = Ge and Sn), 
AUT @Pby, Pt? (à)Pbi», Mio Au: (M = Mo and W), Cu@Alj2, and Site Alz: (c) cubic Mi Stu (M = Fe, 
Ru, and Os); (d) Frank-Kasper (FK) Mio Bis (M = Cr, Mo, W); and (e) FK Ti@ Siis and Zr@Gej.. The M 
atom is inside the cage. (Reproduced with permission from Ref. [154].) 
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Mass spectrometric characterization of Pb,AI* clusters produced in a laser vapor- 
ization source showed an extremely large abundance for Pb;;Al^ species and to a 
lesser extent for Pb, )Al~ [160] (Fig. 15). Structural analysis with density functional 
theory revealed an icosahedral ground state for Pb;2A1™. A large HOMO-LUMO gap 
(3.1 eV) and a large energy difference relative to the second most favorable isomer 
(1.96 eV) were further evidence for the particular stability of this system. The 50 
valence electrons occupy 25 molecular orbitals, which are delocalized over the entire 
cluster. The orbitals resemble spherical shell model states, but the level ordering is 
different. The 50-electron shell closing originates from the crystal-field splitting of the 
high angular momentum levels according to the icosahedral symmetry of the cluster. 
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Figure 15: (a) Mass-abundance spectrum of Pb,AI* clusters featuring the exceptional stability observed for 
Pb,2Al* and, to a lesser extent, Pb;jAl*. Their respective highly symmetric dopant-encapsulated structures 
are shown. (b) Schematic illustration of Pbj3M?" ions (M = Ni, Pd, Pt) that are chemically produced in 
solutions in high yield as crystallized [K(2,2,2-crypt)]o[M@Pbj,] salts. These crystallized salts form super- 
lattices of cations and anions and are prototypes for assembled cluster materials. (Reproduced with per- 
mission from Ref. [163].) 
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The radial orbitals that point toward the positively charged lead atom centers are 
lower in energy, while tangential molecular orbitals with maximum density in between 
the atoms are less favorable. The splitting of the 1 g level results in a very pronounced 
HOMO-LUMO gap at the 50-electron occupancy. Almost at the same time Pb;;Pt^^ 
clusters, which are isoelectronic with Pb;2Al", were prepared chemically in high yield 
(60%) [161]. Meanwhile, also the size-dependent stability and electronic and geometric 
properties of the lower mass congeners X, AI* (X = Si, Ge, Sn) have been investigated 
[162] and related species like Pbio 12M? (M = Ni, Pt, Pd) as well as Pb?; and Sniz 
have been identified experimentally [163—165]. Recently, the superalkali character of 
the neutral Pb;3M (M = B, Al, Ga, In, and TI) was studied computationally [166]. 
A more extended experimental study of the size-, host-, and dopant-dependent 
stability of metal-doped semi-metal clusters S,M (M = Cr, Mn, Cu, Zn; S = Si, Ge, 
Sn, Pb) partly covers the large variety of metal dopant-group IVA host combinations 
that have been accessed theoretically in literature [167]. Enhanced stabilities are ob- 
served for Sijs 16M and Gej4 16M with M = Cr, Mn but not for Cu- and Zn-doped 
clusters, which seems to confirm that the possibility of d band filling of the dopant 
atom with dangling bond electrons from the surrounding Si, and Ge, cages is crucial 
in obtaining stable endohedral cage structures. Similar to the examples discussed 
above, relatively enhanced abundances are found for Pb;5M species, which probably 
relate to close-packed icosahedral structures. The situation is less straightforward for 
doped Sn, clusters, but the reported data experimentally confirm the theoretically 
predicted special stability of the metal-doped magic magnetic superatom MnSnjp. 
Finally, a general principle for designing stable highly symmetrical clusters was 
proposed [162]. The approach takes advantage of both the extra stability provided by 
an optimal electronic configuration of the cage and the good geometrical balance 
between the outer cage and the endohedral atom, as schematically represented in 
Fig. 16. In this case, the optimal character of the electronic configuration of the cluster 





Bare aromatic cage The same cluster with an 
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Figure 16: Schematic representation of the procedure to design a stable spherical cluster [162]. At first, the 
character of the electronic structure of a bare cage is probed through its aromatic properties [168]. Hereby, 
the number of electrons is adjusted by the appropriate choice of atoms and charges to achieve a closed 
electronic structure (significant aromatic character). The cage does not necessarily have to be a local min- 
imum structure. Subsequently, the cage is filled with a dopant atom of suitable size and electronic structure 
(to maintain the electron count). Electron transfer and a degree of covalent bonding between the endohedral 
atom and the outer cage can further enhance the binding energy. The endohedral complex should be a local 
minimum with no imaginary vibrational frequencies. 
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is probed through its aromatic properties [168]. The applicability of this design prin- 
ciple was confirmed by gas-phase experimental observations on group IV element 
cages with endohedral aluminium atoms and also was illustrated by many literature 
examples of diverse systems. 


5. SUMMARY AND OUTLOOK 


Proper choice of the constituent atoms provides a handle to tune the properties of 
mixed clusters. Indeed, physical (optical, electronic, magnetic, etc.) and chemical 
(reactivity, catalytic activity, etc.) properties not only depend on the cluster size, but 
they obviously are determined by the choice of constituent atoms. Moreover, several 
recent examples outlined in this review have demonstrated that tuning the atomic 
building blocks allows forming specific clusters with strongly enhanced stability. Shell 
model concepts developed now 20 years ago based on shells of electrons and shells of 
atoms are playing a key role in this context. If highly symmetric structures with a well- 
defined geometry coincide with closed shells of delocalized valence electrons of prop- 
erly chosen constituent atoms, doubly magic species are demonstrated to exist. With 
still a large number of binary and even more ternary cluster systems to explore, many 
more sizes and compositions may result in clusters with enhanced stability. 

Since in several cases these species were shown to have atom-like characteristics, 
their use as building blocks for new materials can be envisaged. Therefore, one can 
expect that engineering the properties of these clusters building blocks by size and 
composition will lead to the creation of new materials structured on a nanometer scale 
with tailor-made properties. 
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Chapter 7 
Computational electron spectroscopy of gas-phase metal clusters 


Julius Jellinek* and Paulo H. Acioli' 


Chemistry Division, Argonne National Laboratory, Argonne, IL 60439, USA 


1. INTRODUCTION 


The emergence of the field of atomic and molecular clusters about three decades ago 
can be traced to the desire to understand fundamental properties of the condensed 
phase of matter at atomic and/or molecular level. Clusters of atoms and molecules 
were initially viewed and used as convenient paradigmatic systems for microscopic 
explorations of surface and bulk properties of solids and liquids. This initial stage, 
however, soon gave way to the realization that clusters, even those of larger sizes, may 
possess features and properties that are very different from the attributes of either 
their constituent atoms and molecules or the corresponding bulk matter. Often these 
properties are quite unique, and they change with the size of the clusters in a non- 
monotonic and unexpected manner. For example, clusters of nominally metallic el- 
ements may not possess metallic attributes at all. These attributes then grow in as the 
clusters grow in size. The chemical reactivity of clusters may change orders of mag- 
nitude as a consequence of changing the number of atoms in them just by one. Clusters 
of elements that are chemically inert in bulk quantities (e.g., gold) may exhibit 
unprecedented low-temperature chemical activity and selectivity. Clusters of nonmag- 
netic materials may possess unusual magnetic features, which show strong size var- 
iations. The optical properties of clusters are also quite unique and distinctly size 
specific. 

Because of their applied potential, clusters became of central interest to many tech- 
nologies. The expectation was (and is) that they will open new avenues not only for 
optimization of existing technologies, but also for formulation of principally new, even 
revolutionary ones. The current developments in various areas of nanoscience and 
nanotechnology represent, at least in part, realization of the anticipated revolution. 
The continued role of cluster science in this revolution is to provide the microscopic 
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foundation and the fundamental understanding underlying the broad field of nano- 
systems and nanophenomena. 

The main objective of cluster studies is to furnish an understanding and charac- 
terization of various physical and chemical properties of finite systems as a function of 
their size and composition. The properties of central interest include electron energy 
spectra and electronic densities of states. These play a particularly important role as 
they define many other fundamental characteristics (e.g., structural, dielectric, mag- 
netic, optical, and chemical) of any system, be it an atom, molecule, cluster, or 
extended object. Therefore, providing an understanding and a description of how the 
electronic properties of an element, or mixture of elements, evolve from those of its 
(their) atom(s) to those of the corresponding bulk matter is a task of paramount 
importance. Clusters are the natural "laboratories" to undertake this task. 

Because of their broad technological relevance and extra cognitive interest, which 
stems from their particularly complex nature, metal clusters constitute an area of their 
own [1]. The goal of understanding and characterizing the size-evolution of the elec- 
tronic features of metal clusters and the nature of bonding in them is both tantalizing 
and challenging. Experimentally, photoelectron spectroscopy (PES) emerged [2] as a 
particularly powerful tool for interrogation of electronic properties as a function of 
cluster size. PES yields spectra of electron binding energies (EBEs), which contain 
a wealth of information on the size, structure, composition, and charge state of sys- 
tems. Most of this information, however, cannot be extracted from the measurements 
alone. For example, questions such as — what is the correlation between a structure of 
a cluster and its measured EBE spectrum?; why do the spectra change with the cluster 
size the way they do?; and what are the fundamental mechanisms underlying the size- 
variability of the spectra? — cannot be answered (at least not at present) by the 
experiments. These questions can be addressed through theoretical analyses. A pre- 
requisite of such analyses is the ability to compute accurately and efficiently EBE 
spectra of systems of interest. In principle, one could compute these spectra using 
various techniques of quantum chemistry. For metallic systems, however, these tech- 
niques, especially those of higher accuracy, become impractical, except possibly for the 
smallest clusters of simple metals. An alternative approach that emerged as the tool of 
choice in studies of metallic (and many other) systems, both finite and extended, is the 
density functional theory (DFT). DFT proved powerful in characterizing total 
energies, structural features, and a host of other properties. However, it is not ap- 
propriate, at least not in its most commonly used Kohn-Sham (KS) formulation, for 
description of single-electron properties (a possible exception is the case of the highest 
occupied molecular orbital (HOMO)). The main reason for this is that the KS single- 
particle characteristics (eigenenergies and eigenfunctions) correspond to auxiliary 
quasiparticles, rather than real electrons. As a consequence, the binding energies 
of these quasiparticles have to be corrected to convert them into the binding energies 
of the corresponding electrons. 

In this article we give a brief description of a DFT-based computational electron 
spectroscopy scheme, which incorporates a new correction technique we have formu- 
lated recently. We present results of the application of this scheme to metal clusters of 
different elements and sizes and show how the analyses of these results allow one 
to unravel the true meaning of and the reasons for the size-driven changes in EBE 
spectra observed in PES experiments. We also illustrate how by combining results of 
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high-quality computations with data obtained in high-accuracy measurements one can 
use EBE spectra as a rich source of information on properties of systems and phe- 
nomena they exhibit. 

The scheme for conversion of the KS eigenenergies into EBEs is outlined in the next 
section. The details of the computational methodology are sketched in Section 3. In 
Section 4, we present and analyze results for magnesium clusters. The analysis includes 
size, structure, and charge-state effects, as well as a discussion of the phenomenon of 
size-induced transition to metallicity. Results on structural and electronic properties of 
aluminum clusters are presented in Section 5. The discussion here includes a new 
analysis that allows for identification of the separate roles of the size-driven changes in 
the structure and symmetry of a cluster, on the one hand, and in its number of 
electrons, on the other, as parameters responsible for the size-evolution of its EBE 
spectrum (or, more precisely, spectra). We conclude with a summary in Section 6. 


2. CONVERTING KOHN-SHAM EIGENENERGIES INTO ELECTRON 
BINDING ENERGIES 


As mentioned above, in order to use the computationally efficient DFT (we restrict 
our consideration here to the time-independent formalism) in studies of EBE spectra, 
one has to have a procedure for converting the KS single-particle eigenenergies into 
EBEs. A variety of such procedures have been formulated in the past, however they 
either are specific to a given implementation of DFT (e.g., the local density approx- 
imation), use an a priori orbital-independent recipe, or involve elements incompatible 
with DFT as a ground-state theory (see Ref. [3] for a brief critical review). Here we 
outline the main elements of a new scheme we have formulated recently [3], which is 
free from the mentioned deficiencies (cf. also Ref. [4]). 

The main idea behind this scheme is that the binding energy of an arbitrary Mth 
electron of a nominally N-electron system, 1 x M« N, can be computed rigorously 
within any version of DFT when this electron is the most external one; any electron 
can be made the most external by removing all the electrons “above” it. The binding 
energy BEyomo(M) = BE (M) of the “top” (“HOMO”) Mth electron can be com- 
puted as 


BEnomo(M) = E(M — 1) - E(M) (1) 


where E(K) is the DFT-defined ground-state total energy of the system with K elec- 
trons. The correction /4uowo(M) — Am(M) that converts the negative of the top 
(HOMO), Mth KS eigenenergy &uomo(M) = €(M) of the M-electron system into the 
binding energy of the Mth electron is then defined as 


AnoMo(M) = BEnowo(M) — (-&Homo(M)) (2) 


Our ultimate objective is the correction term Ay(N) that converts the negative of an 
arbitrary Mth KS eigenenergy eu(N) of an N-electron system into the binding energy 
of the Mth electron in the N-electron system. The recipe for computing Ay(N) should 
take into account the shift in the value of the Mth KS eigenenergy from ey(M), for 
which the correction term is defined by Eq. (2), to &y(N) as the total charge of the 
system is increased from M to N. 
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Assume that the values of Ag(K) = Ayomo(X) have been obtained as defined by 
Eqs. (1) and (2) for all K= M, M * 1,..., N. Our prescription for computation of the 
correction Ay(M + 1) that converts the negative of £4,(M + 1) into the binding energy 
of the Mth electron in the M+ 1-electron system, 


BEy(M +1) 2 —ey(M 4- D) + Au(M +1) (3) 


Ay(M + 1) = AyuCM) +[Am+ı(M + 1) — AuCM)]x CM + 1) (4) 
where 


em(M + 1) - em(M) 
em+ı(M + 1) — £4(M) 


The meaning of Eqs. (4) and (5) is transparent. If an increase of the total charge of the 
system from M to M+ 1 does not shift the value of £4,(M), i.e., ey(M + 1) = ey( M), 
then Ay(M+1) = Ay{M). If, on the other hand, e4(M + 1) = ey+ (M + 1), i.e., the 
Mth and the M+ 1th KS eigenenergies of the M+ 1-electron system are degenerate, 
then Ay(M +1) = Ayr (M+ 1). Typically, the value of £4,0M + 1) is between those of 
em( M) and zu, ı(M + 1). In this case, the correction Ay(M + 1) is defined by Eq. (4) as 
a linear in a4(M- 1) interpolation between Ay(M) and Ay+ı(M+1), where 
& (M + 1) is given by Eq. (5). 

As one adds one more electron to the system, the additive correction Ay+ı(M +2) 
that converts the negative of the KS eigenenergy ca. (M+ 2) into the binding energy 
of the M+ 1th electron in the M + 2-electron system is obtained by applying again 
Eqs. (4) and (5) with the values of all the subscripts and the arguments in the 
parentheses incremented by 1. The knowledge of Ay(M +1) and Ay+ (M+ 2) allows 
for computation of the correction Ay(M +2), which is to be added to the negative of 
the KS eigenenergy eu(M + 2) in order to convert it into the binding energy of the Mth 
electron in the M + 2-electron system. The correction Ay(M +2) is defined as 


Au(M +2) = Au(M + 1) + [Am +2) - Am(M + Dlem(M+2) (0) 


ay(M + 1) = (5) 








where 

eu(M + 2) — éy(M + 1) 
em+ı(M + 2) — £y (M + 1) 
Adding successively one electron at a time and repeating each time the procedure 


described above, one eventually arrives at the sought value of Au{N). 
The general prescription for computation of Ay(N) can be summarized as 


AMN) = AMN = D) + [Ag (QN) = Au (WN — Dau) (8) 


am(M + 2) = (7) 





where 

ea(N) — eu(N = 1) By 
ém+i(N) — eu(N — 1) 
The corrections Ay(N-1) and Ay+ 1(N) in the r.h.s. of Eq. (8) are themselves obtained 
through recursive application of Eqs. (8) and (9), until they are reduced to Ayomo(K) 


with K = M, M+1,..., N. The corrections Ayomo(&) are computed using Eq. (2). The 
KS eigenenergies éyomo(K) are to be used in Eq. (9) in conjunction with the 


au(N) = 
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Figure 1: Schematic of the interpolation procedure for computing the corrections A&(N) (see the text for 
details). 


corrections Ayomo(X) in the r.h.s. of Eq. (8). As a byproduct, the procedure also 
yields the values of Ay+ (ON Au+2(N),..., An-ı(N). The schematic for the compu- 
tation of the corrections A«(N), K= M, M+1,..., N, is shown in Fig. 1. A natural 
question one can pose with regard to the linear interpolation defined by Eqs. (8) and 
(9) is how accurate is it on a grid of integer charges. To answer this question, one can 
consider the total electronic charge of the system as a real-valued continuous variable 
and replace the grid of integer charges by a more refined grid of real-valued charges. 
An interpolation of the type of Eqs. (8) and (9) can then be performed on this more 
refined grid. The quantities necessary for interpolation between noninteger charges 
can be obtained by performing DFT computations at these charges (DFT formally 
allows for noninteger total charges). Alternatively, to avoid extra computations, one 
can generate the necessary quantities at noninteger charges from those computed for 
integer charges through use of appropriate models; for details see Ref. [3]. If the grid 
of the real-valued charges is refined enough, the linear interpolation between two 
neighboring points is justified. In fact, through an appropriate refinement of the grid 
one can obtain values of the corrections Ag(N), K= M, M+1,..., N, converged 
within any predefined degree of accuracy. Table 1 lists the degree of convergence of the 
correction terms for different spin-orbital states of atoms of ten elements as obtained 
on the grid of integer charges, as well as the number of extra grid points that have to 
be added between each pair of integer charges to arrive at values of the correction 
terms converged to 99% or better. As is clear from the table, the use of integer-valued 
grids is more than adequate taking into account the inaccuracies inherent in practical 
implementations of DFT due to the approximate nature of the exchange-correlation 
functionals and other approximations. Table 2 lists the corrections to the eigenenergies 
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Table 1: Convergence characteristics of the correction terms 4;(N) (see the text for details). 





Atom Spin-orbital State i Convergence on the Grid of Number of Extra Grid 
Integer Charges (%) Points Needed for 99% 
Convergence 
2s (a) 100 0 
Li Is (B) 92.5 8 
Is (x) 92.5 8 
2s (o, B) 100 0 
Be Is (o. ) 942 8 
2p (a) 100 0 
2s (B) 98 1 
B 2s (a) 97.7 2 
Is (B) 95.3 4 
Is (x) 95.3 4 
2p (oa) 100 0 
2s (B) 99.5 0 
C 2s (a) 99.8 0 
Is (B) 96.2 4 
Is (x) 96.2 4 
2p (ooa) 100 0 
2s (B) 98.8 1 
N 2s (a) 99.7 0 
Is (B) 96.8 4 
Is (x) 96.8 4 
2p (B) 100 0 
2p (a) 98 1 
2p (oa) 95.5 4 
O 2s (B) 97.2 2 
2s (a) 98.6 1 
Is (B) 97.2 2 
Is (x) 97.3 2 
2p (B.B) 100 0 
2p (oa) 99.2 0 
2p (a) 97.3 4 
F 2s (B) 97.3 1 
2s (a) 97.9 1 
Is (B) 97.6 2 
Is (x) 97.6 2 
2p 100 0 
(o. B.o Boc B) 
Ne 2s (o, p) 98.4 1 
Is (o, p) 97.8 2 
3s (o, p) 100 0 
2p 90.7 8 
Mg (Bua af 
2s (o, B) 97.5 1 
Is (o, p) 98.4 1 
3p 100 0 
(o. B.o Boc B) 
3s (o, p) 98.9 1 
Ar 2p 96.0 4 
(o. B.o Boc B) 
2s (o) 96.7 4 


Is (o, B) 98.8 1 
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Table 2: The (negative) KS eigenenergies ¢(N), correction terms 4N), and electron binding energies EBE; 
(all in eV) for ten atoms (see the text for details). The experimental EBE (Exp) are from Ref. [7]. 











Atom Spin-Orbital State 7 Shell j Exp 
i —e; A EBE, j EBE, 
2s (a) 3.27 2.30 5.57 2s! 5.5 5.39 
Li Is (B) 52.12 13.30 65.42 j 
1s (o) 52.30 13.35 65.65 Is 65.54 64.84 
2s (0,8) 5. 3.43 9.14 2s? 9.14 9.32 
Be 1s (op) 106.91 17.59 124.50 1g? 124.50 119.3 
2p (o) 4.24 4.54 8.78 2p! 8.78 8.30 
2s (B) 8.81 4.66 13.47 A 
B 2s (a) 9.73 4.67 14.40 2s 13.94 14.05 
1s (B) 180.91 2245 203.07 S 
1s (0) 181.17 22.18 203.35 Is 203.21 194 
2p (040) 6.13 5.50 11.63 2p? 11.63 11.26 
2s (B) 12.04 5.93 17.97 
c 2s (a) 14.46 6.08 20.54 2s 19.26 19.39 
1s (B) 273.01 26.64 299.65 , 
1s (o) 273.79 26.71 300.50 Is 300.08 
2p (ont 8.29 6.51 14.80 2p? 14.80 14.55 
2s (B) 1545 7.02 22.47 g 
N 2s (a) 19.82 731 27.19 2s 24.83 2541 
1s (B) 383.28 3115 414.43 " 
1s (o) 384.82 31.25 416.07 Is 415.25 409.93 
2p (B) 7.5 6.63 14.20 
2p (a) 8.78 6.72 15.50 2p* 16.23 16.53 
2p (a,c) 10.82 6.79 17.61 
o 2s (B) 21.63 7.91 29.54 " 
2s (a) 25.08 8.26 33.34 2s 31.44 3231 
1s (B) 513.88 35.88 549.76 S 
1s (o) 51521 35.96 551.17 Is 550.47 543.10 
2p (REI 10.26 7.56 17.82 
2p (a,c) 11.00 7.63 18.63 2p) 18.80 18.67 
2p (a) 13.38 7.70 21.08 
F 2s (B) 28.60 8.98 37.58 " 
2s (a) 30.52 9.14 39.66 2s 38.62 40.19 
1s (B) 663.01 40.47 703.48 2 
Is (o) 663.81 40.51 704.32 Is 703.90 696.71 
2p (o, .o B, D) 13.27 8.56 21.83 2pf 21.83 21.568 
Ne 2s (2.8) 36.19 10.09 46.28 2s? 46.28 48.47 
Is (a,b) 830.63 45.04 875.67 1s? 875.67 870.1 
3s (op) 4.81 2.91 7.2 3s? 772 7.65 
- 2p (o. .o B, D) 46.86 9.30 56.16 2pf 56.16 (57.54, 54.8)" 
g 2s (0,8) 79.73 13.26 92.99 2s? 92.99 96.5, 94.0 
Is (a,b) 1258.66 55.89 1314.56 1s? 1314.56 13112 
3p (aB, Bo. B) 10.34 5.54 15.88 3pó 15.88 15.578 
3s (a DI 24.10 6.12 30.22 3s? 30.22 29.24 
Ar 2p (a. B.o. flo B) 230.16 16.99 247.15 2p 247.15 248.50* 
2s (a,b) 294.94 20.58 315.52 2s? 315.52 326.0 
1s (o. B) 3108.86 88.07 3196.93 1s? 3196.93 3202.9 





“Binding energy of the sp: subshell. 
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of the KS spin-orbital states computed for the ten atoms using the Becke-Perdew 
(BP86) [5, 6] exchange-correlation functional and DZVP basis sets. It also illustrates 
the accuracy of the computed shell EBEs as evaluated against the experimental data. 
The shells are defined by the principal and orbital angular momentum quantum 
numbers. The EBEs of the shells are computed as spin-multiplicity-weighted averages 
of the EBEs corresponding to the different spin states of a given shell. Further details 
on the computation of quantities presented in Tables 1 and 2, as well as on more 
general technical points such as how to treat cases when the KS eigenenergies cross as 
the total electronic charge of the system is increased, can be found Ref. [3]. Here we 
mention only that the new scheme is general in that it is applicable to any imple- 
mentation of DFT. It is rigorous as it uses only quantities well defined within DFT as 
a ground-state theory. It yields orbital-specific corrections to the KS eigenenergies, 
and finally, it furnishes highly accurate EBEs. The scheme uses as input binding 
energies of electrons when they occupy the HOMO state. These energies can come 
either from DFT computations (cf. Eq. (1)), when the chosen version of DFT yields 
them with sufficient accuracy, or from experiments (see Ref. [3] for further discussion). 


3. COMPUTATIONAL METHODOLOGY 


The computations were performed using gradient-corrected versions of DFT as im- 
plemented in the Gaussian-98 package [8]. The systems studied included magnesium 
and aluminum clusters. The choice of the exchange-correlation functionals and the 
basis sets/pseudopotentials was guided by extensive tests. For magnesium, these were 
performed on Mg,, n = 1-4, using available quantum chemistry and experimental 
results as benchmark data. A variety of functionals (BP86, BPW91, B3LYP, and 
MPWIPW91) were tested in all-electron computations with the 6-31G" basis set [8]. 
The results of these tests together with the benchmark data are listed in Table 3. As is 
clear from the table, the BP86 functional is the best choice for magnesium. To make the 


Table 3: Comparison of all-electron DFT (BP86, BPW91, and B3LYP) results with those of earlier ab initio 
(CCSD(T) and MP2-R12) and experimental (Exp) studies (see the text for details). The MPWIPW91 
functional yields results similar to those of BPW91. IP is the ionization potential, EA is the electron affinity, 
re is the equilibrium interatomic distance, and D, is the dissociation energy. 











System Property BP86 BPW91 B3LYP CCSD(T) MP2-R12 Exp 
Mg IP (eV) 7.731 7.529 7.751 7.6468 
EA (eV) <0 <0 <0 Unstable 
Mg» R. (A) 3.562 3.527 3.919 3.891* 3.891* 
D, (eV) 0.091 0.099 0.016 0.057* 0.049* 
Mg; (Ds) re (A) 3.295 3.275 3.480 3.387" 3.387° 
D, (eV) 0.41 0.46 0.13 0.25 0.33* 
Mega (Ta) Re (A) 3.103 3.094 3.180 3.110* 3.110* 
3.1035 
D, (eV) 1.21 1.33 0.55 1.04* 1.377 
1.14? 
aRef. [11]. 
>Ref. [12]. 
*Ref. [13]. 
‘Ref. [7]. 


*Ref. [14]. 
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computations more efficient, the [Ne] cores of the Mg atoms were represented by the 
Wadt-Hay (WH) pseudopotential [9]. The remaining two 3s electrons of each atom, as 
well as the extra electron in the case of the anionic clusters (see below), were described by 
a (21|21) contracted Gaussian basis set. Of the two pseudopotentials tested with the BP86 
functional, the WH and the "Stuttgart" [10], the former was selected based on its slightly 
better performance as judged by comparison with data obtained in the all-electron 
treatments. For aluminum, we used the BPW91 exchange-correlation functional and a 
DFT-optimized all-electron contracted Gaussian basis set of the type (73111/6111/1). 
The BPW91 functional was chosen based on tests performed on Al and Al. 

The restricted and unrestricted formalisms were utilized in the cases of closed-shell 
and open-shell systems, respectively. The equilibrium structures of the clusters were 
obtained using gradient-based techniques. A variety of initial guess configurations 
were considered for each cluster size. The optimizations were carried out over all the 
degrees of freedom. Normal mode analysis was applied to every stationary config- 
uration obtained to separate structures that are in stable equilibria from those that 
correspond to saddle points of the corresponding potential energy surfaces. The cor- 
rection scheme of Section 2 implemented on the grid of integer charges was applied to 
the KS eigenenergies to convert them into the EBE spectra of the clusters. These 
spectra were then analyzed as a function of cluster size, structure, and charge state. 


4. MAGNESIUM CLUSTERS: RESULTS AND DISCUSSION 


The computations for Mg, covered the size range of n — 2-22 and were performed for 
both the neutral and the anionic charge states of the clusters. 


4.1. Structures 

The most stable structural forms of Mg, and Mg, as obtained in our computations 
[15, 16] are shown in Figs. 2 and 3, respectively. For the most part, the lowest energy 
isomers of the neutral Mg, agree with, or are close to, those found in earlier com- 
putational studies [17-20]. Mgıs and Mgig are exceptions: their most stable forms 
shown in Fig. 2 appear to be new. The different lowest energy structures of these 
clusters identified in Ref. [19] emerge in our computations as well, but as the second 
isomer (see below). With the exception of Mgig, the preferred spin-multiplicity state of 
Mg,, n = 2-22, is a singlet. For Mgıs it is a triplet. 

Only small anionic Mg, , n = 1-7, clusters have been considered in earlier theoretical 
studies [21] (cf. also Ref. [20]). In agreement with the available computational [21] and 
experimental evidence [22], we find that Mg is not a stable species. Our most stable 
forms of Mgs and Mg; shown in Fig. 3 are different from those found in Ref. [21] — 
an octahedron for Mg; and a distorted pentagonal bipyramid for Mg7. 

These latter structures emerge in our computations as well, but as the second isomer. 
With the exception of Mgis, the preferred spin-multiplicity state of Mg, , n = 222, is 
a doublet. For Mgjg it is a quartet. 

Inspection of Figs. 2 and 3 shows that the preferred structural forms of clusters may 
depend on their charge state: the lowest energy isomers of Mg, differ from those of 
Mg, for n — 6, 7, 8, 11, 12, 18, and 21. As discussed in the next section, this has an 
important implication regarding the interpretation of the PES data measured on an- 
ionic species [15, 16]. 
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Figure 2: The most stable structures and their symmetries for the neutral Mg,, n = 2-22, clusters. 


The charge state of a cluster may affect not only the energy ordering of its structural 
forms, but also the energy gaps between them. Figure 4 shows the first two fully 
relaxed isomers of the neutral and anionic Mg,,. The most stable conformation of the 
neutral becomes the second most preferred structure in the case of the anion. The 
energy gap between the first two isomers of the neutral is twice that between the first 
two isomers of the anion. 
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Figure 3: The most stable structures and their symmetries for the anionic Mg, , n = 2-22, clusters. 


The first three isomers of the neutral and anionic Mëie are shown in Fig. 5. One 
notices that the ordering of the second (C;,) and the third (C,) isomers of the neutral is 
reversed in the case of the anion, and for this cluster the energy gaps between the 
anionic isomers are larger than those between the neutral isomers. Fig. 6 displays the 
situation for the first three lowest energy structures of the neutral and anionic Mgis. 
Here, all three isomers of the anion are very close in energy, whereas in the case of the 
neutral the second and the third isomers are separated from the most stable structure 
by large energy gaps. It is the structural form of the third (C4,) isomer of Mgis that is 
the energetically most preferred conformation of Mgis. 
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Figure 4: The first two isomers of the anionic Mgi; (Roman numerals) and neutral Më (Roman numerals 
with bars). 


The energy changes accompanying the structural relaxations caused by an addition 
of an electron to isomeric forms of a neutral Mg, cluster can be assessed from Figs. 7-9. 
The figures show the configurational energies of the anionic Më, Mgis, and Mgis, 
respectively, computed in the fixed equilibrium structures of both the anionic and the 
neutral clusters and referred to the energy of the most stable isomer of the anion 
(of course, the equilibrium structures of the neutrals are nonequilibrium structures in 
the anionic state). In the case of Mac, the relaxation of the nonequilibrium structure I 
into the equilibrium structure II involves an energy change of 0.112eV, whereas the 
seemingly more dramatic relaxation of II into I is accompanied by an energy change of 
only 0.021 eV. For Mgi¢, Fig. 8, the relaxation energies are 0.032eV (relaxation of I 
into I), 0.111 eV (III into ID), and 0.101eV (II into III). For Mgis, Fig. 9, they are 
0.078 eV (III into I), 0.056eV (I into II), and 0.039 eV (II into III). 


4.2. Electronic features 

Here we present and analyze results on electronic features of magnesium clusters with 
an emphasis on the effects of the cluster size, structure, and charge state [15, 16, 23]. 
These results are obtained using the correction scheme described in Section 2. An 
illustration of the genuine need for corrections and an indication of their magnitude in 
the case of magnesium clusters are given by the data shown in Table 4. One notices 
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Figure 5: The first two isomers of the anionic Mgj¢ (Roman numerals) and neutral Mg;, (Roman numerals 
with bars). 


312 JULIUS JELLINEK AND PAULO H. ACIOLI 








0.208 eV 
0.176 eV 











v v 





Figure 6: The first two isomers of the anionic Mgis (Roman numerals) and neutral Mgıs (Roman numerals 
with bars). 


that without the correction the KS eigenenergy of the HOMO of the Mg; cluster is 
positive, which could be misinterpreted as inability of Mg, to bind an electron. The 
corrections represent a substantial fraction of the EBEs, especially for electrons 
occupying frontier orbitals. The magnitudes of the corrections are orbital-dependent, 
although the dependence is weak. The corrections presented in the table are converged 
to within 99% or better; addition of a single extra point between pairs of integers in 
the interpolation procedure (cf. Section 2) is sufficient for achieving this. The integer 
grid interpolation used to obtain the results presented below yields corrections con- 
verged to within 98% or better. 


4.2.1. Role of size and structure 
Figure 10 shows the spectrum of the EBEs of Mg; as obtained in our computations 
[23] together with the experimental PES [24] of this cluster. Our computations predict 
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Figure 7: Energy ordering of Mg}; in different structures shown in Fig. 4. 


0.155 eV 











that Mg, forms a single, tetrahedral isomer. The remarkable agreement between the 
measured and computed data serves as an experimental corroboration of the predicted 
T, structure of this cluster. 

The spectra of EBE computed for Mgr in the four configurations shown in Fig. 7 
are displayed together with the measured spectrum of this cluster in Fig. 11. Com- 
parison of the computed and measured results leads to the following observations: (1) 
The pattern of the spectrum computed for the most stable isomer I is in excellent 
agreement with the shape of the measured spectrum; (2) the computed binding energy 
of the least bound electron in isomer II falls outside the range of the measured 
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Figure 8: Energy ordering of Mgig in different structures shown in Fig. 5. 
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Figure 9: Energy ordering of Mgjg in different structures shown in Fig. 6. 


spectrum; (3) the same is true for the structures I and II, which are isomeric con- 
figurations of the neutral Mg), (Fig. 4). Observation (1) serves as an experimental 
evidence for the correctness of the predicted most stable structure of Mer, Obser- 
vation (2) indicates that the measured spectrum was taken under conditions that do 
not support the presence in the beam of the anionic isomer II, at least not in quantities 
sufficient for detection. An important implication of observation (3) is that photo- 
detachment experiments on anionic species interrogate, in general, electronic prop- 
erties of the anionic species themselves as defined by their characteristic structure(s), 
rather than those of their neutral counterparts (see further discussion below). Com- 
parison of spectra computed for structures I and II with those obtained for config- 
urations I and II allows one to assess the differences in EBE patterns of Mgi; when it 
is considered in its native isomeric structures vs. those that are isomeric forms of the 
neutral Mgıı. Relaxation from structure I to structure II is accompanied only by 
moderate changes in the spectrum. These changes are considerably more substantial 
when structure II converts into structure I. 

The EBE spectra computed for Mgig in its different configurations shown in Fig. 8 
are displayed together with the experimental spectrum of this cluster in Fig. 12. As in 
the case of Moi, the pattern obtained for the most stable isomer I (three groups of 
lines) fits the shape of the measured spectrum very well. The pattern for isomer II is 
different from that of isomer I, but it falls entirely under the measured spectrum. The 
broad nature of the latter is an indication that the experiment probes both isomers I 


Table 4: The (negative) KS eigenenergies c, correction terms A, and electron binding energies EBE (all in eV) 
for the top five levels of Mg4. The numbers in brackets indicate the number of electrons (the occupancy) in 
the levels. The results of the all-electron treatment are shown to allow for benchmarking of the 
pseudopotential-based computations. 














Level Pseudopotential All-electron 

—p A EBE —£ A BE 
auto) [1] —0.603 1.614 1.012 —0.663 1.608 0.945 
to(B) [3] 0.841 1.664 2.505 0.877 1.661 2.538 
to(B) [3] 0.984 1.670 2.654 1.012 1.666 2.678 
a,(B) [1] 3.612 1.816 5.428 3.465 1.804 5.269 


auto) [1] 3.723 1.821 5.544 3.674 1.814 5.488 
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Figure 10: Computed electron binding energies and the occupancy of the corresponding orbitals (vertical 
bars) in Ma: [23]. The experimental spectrum [24] of the binding energies is also shown (the intensity is in 
arbitrary units). The accuracy of the pseudopotential-based computations can be assessed through com- 
parison with the results of the all-electron treatment. 


and II. This, however, is not the case for isomer III. It can be excluded as a contributor 
to the measured spectrum because the binding energy of its most external electron is 
not represented in this spectrum. The changes in the EBEs of Mgrs that accompany 
the relaxation of structure I into isomer I are only minor. Relaxations of structure III 
into isomer II and of structure II into isomer III have more noticeable effects on the 
corresponding EBE patterns. 

Data similar to those in Figs. 11 and 12, but for Mgis, are shown in Fig. 13. The spectra 
computed for the three isomers (I, II, and III; Figs. 6 and 9) of this cluster fall under the 
measured spectrum, and most probably all three contribute to it. The shifts in the EBEs of 
Mgis accompanying the relaxations of structure III into isomer I and of II into III are 
moderate. Relaxation of I into II causes a more substantial change in the EBE pattern. 

Figures 10-13 illustrate how results of high-accuracy computations provide the tools 
necessary to explain the features of the measured PES and to correlate these features 
with size-specific structural characteristics of clusters. A comparative analysis of the 
EBEs computed for different isomeric forms of an anionic cluster, on the one hand, 
and its measured spectrum, on the other, allows for identification of and discrimi- 
nation between the structural forms that have actually been generated under the 
conditions of the experiment. À quantitative evaluation of the degree of participation 
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Figure 11: Computed electron binding energies and the occupancy of the corresponding orbitals (vertical 
bars) in different structures of Mgr; shown in Fig. 7 [23]. The experimental spectrum [24] of the binding 
energies is also shown (the intensity is in arbitrary units). 


of different isomers in a spectrum measured at a given temperature requires inclusion 
of the entropic effect. Computationally, this can be accomplished through evaluation 
of the densities of states, although such an evaluation remains a nontrivial challenge 
for anharmonic systems. On the experimental side, the task is to achieve a better 
calibration of and control over the temperature. 
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Figure 12: Computed electron binding energies and the occupancy of the corresponding orbitals (vertical 
bars) in different structures of Mgj¢ shown in Fig. 8 [23]. The experimental spectrum [24] of the binding 
energies is also shown (the intensity is in arbitrary units). 
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Figure 13: Computed electron binding energies and the occupancy of the corresponding orbitals (vertical 
bars) in different structures of Mgjg shown in Fig. 9 [23]. The experimental spectrum [24] of the binding 
energies is also shown (the intensity is in arbitrary units). 
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4.2.2. Size-induced transition to metallicity: role of the charge state 

The size-evolution of cluster properties gives rise to size-driven phenomena. One of the 
most intriguing among these is the size-induced transition to metallicity exhibited by 
clusters of elements that are metals in bulk quantities. As mentioned above, small 
clusters of metallic elements may lack metallic attributes altogether. These attributes 
then grow in as the clusters grow in size (see, e.g., Ref. [25]). Is the transition to 
metallicity gradual or abrupt? Are the changes in different properties accompanying 
the transition monotonic or not? At which size, or size range, does the transition take 
place? What is (are) the indicator(s) of finite-size metallicity and the transition to it? 
The answers to these questions are largely unknown. Yet they are central not only 
from the fundamental but also applied point of view (e.g., in establishing limits of 
miniaturization in electronic devices). 

The transition to metallicity may be gauged by different physical processes and 
properties, which include electron transport, spectrum of single-electron energy levels, 
dielectric characteristics, and others. The picture of size-induced transition to me- 
tallicity and the size, or size range, at which it takes place will depend on the property 
chosen to gauge the transition, as different properties evolve with cluster size at 
different rate. Because of experimental considerations, the property that has been used 
most often is the spectrum of electron energy levels. It can be probed accurately both 
experimentally and computationally, as illustrated in the preceding section (the bind- 
ing energies of electrons are fingerprints of the single-electron energy levels). 

The conceptual picture behind the electron energy spectrum of a finite system as an 
indicator of a metallic or nonmetallic state is based on the following considerations. 
Bulk metals are systems with a zero gap between the conduction and the valence bands. 
In finite systems, the energy bands are replaced by discrete energy levels, and the 
difference between the HOMO and the lowest unoccupied molecular orbital (LUMO) 
plays the role of the band gap. A finite system with a large HOMO-LUMO gap (as 
gauged by an appropriate measure, e.g., the value of kT, where k is the Boltzmann 
constant and T is the temperature) is qualified as nonmetallic. A system with a small 
(De, comparable to or smaller than kT) HOMO-LUMO gap is viewed as metallic. 
Thus, one can monitor how the HOMO-LUMO gap of a finite system changes with its 
size and anticipate an effective closure of this gap in metal clusters as their size increases. 

The line of thought that underlies the experimental PES studies, which are per- 
formed on anionic clusters, proceeds as follows. The extra electron in an anionic 
species occupies the LUMO of its neutral counterpart. Thus, measuring the binding 
energies of the two most external electrons in an anionic cluster and evaluating the 
difference between them one can, neglecting the shifts in the energy levels due to 
the presence of the extra electron, determine the HOMO-LUMO gap of the neutral 
cluster (we will see below that, in fact, this may not be the case). 

The two elements, for which the size-induced transition to metallicity has been 
explored most, are mercury [26-31] and magnesium [15-17, 20, 24, 32-34]. Here we 
present the picture that emerges for magnesium based on the analysis of the EBE 
spectra computed [15, 16] and measured [24] for its clusters. Figure 14 displays the 
difference in the binding energies of the two most external electrons in anionic Mg; , 
n = 2-22, as computed in their most stable structures and evaluated from the results of 
PES measurements (cf. Figs. 10-13). The figure also shows the HOMO-LUMO gap 
computed for the lowest energy isomers of the neutral Mg, clusters. 
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Figure 14: Computed [15, 16] and measured [24] difference in the binding energies of the two most external 
electrons in anionic Mg, clusters. The HOMO-LUMO gap of the neutral Mg, [16] is also shown. The 
computed results correspond to the most stable structures of the clusters. 


All three sets of data display an overall, albeit nonmonotonic, decrease in their 
values as the cluster size increases. The energy differences computed and measured for 
the anionic clusters are in an essentially quantitative agreement. This, however, is not 
the case for the HOMO-LUMO gap of the neutral clusters. Not only are its values 
systematically larger, but they also show peculiar local trends. For example, in going 
from n = 10 to n = 11, the graph of the HOMO-LUMO gap turns upward, whereas 
the two graphs for the anionic clusters turn downward. The clear message of the data 
in Fig. 14 is that contrary to the line of thought presented above, PES experiments on 
anionic clusters (more generally, finite anionic systems) probe, in general, the prop- 
erties of the anionic species themselves and not those of their neutral counterparts. The 
main issue here is not the shift in the energy levels caused by the extra electron in 
anionic systems. This is clear from Fig. 15, which shows the graphs of the HOMO- 
LUMO gap of the neutral Mg, and the difference in the binding energies of the two 
most external electrons computed for anionic Mg, frozen in the most stable structures 
of their neutral counterparts. The two quantities follow the same trend over the entire 
size range of n — 2-22, and the differences in their values are indeed only minor, 
except for the smallest clusters. 

As discussed above, the central reason for the possible major differences in the elec- 
tronic properties of a cluster in its different charge states is that addition (or withdrawal) 
of an electron to (from) it may cause a major change in its energetically preferred 
geometric form. This change, in turn, triggers a restructuring of the electronic energy 
levels. The geometric and electronic properties are coupled in any system, finite or in- 
finite, and they are both the cause and the consequence of each other. The added 
sensitivity to this coupling in clusters stems from the fact that they possess many isomeric 
conformations, which often are energetically competitive. The preferred conformation, 
therefore, may (and often does) change with the charge state. This has to be taken into 
account in analyses and interpretation of PES data acquired on anionic clusters. 
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Figure 15: Computed difference in the binding energies of the two most external electrons in anionic Mg, 
clusters frozen in the most stable structures of their neutral counterparts. The HOMO-LUMO gap of the 
latter is also shown. 


Does the fact that negative photodetachment experiments may not provide infor- 
mation on the HOMO-LUMO gap of finite systems diminish the role of these ex- 
periments in studies of the phenomenon of size-induced transition to metallicity? The 
answer to this question is “no”. The source for this answer is in the realization that the 
size-induced transition to metallicity has many “faces”, including the one exhibited by 
anionic species. The difference in the binding energies of the two most external elec- 
trons in anionic systems (which can be measured as a function of size) is as a legitimate 
finite-size analog of the bulk band gap as the HOMO-LUMO gap of their neutral 
counterparts. The two quantities approach each other as the systems grow in size and 
both converge to the bulk band gap in the limit of large sizes. 

Although equally legitimate, the neutral and the anionic finite-size analogs of the 
band gap are different, and they may converge to the bulk limit with different rates. A 
comprehensive characterization of the size-induced transition to metallicity will have 
to include all its complementary manifestations, including those presented by different 
charge states. The computed and measured results for Mg, shown in Fig. 14 display 
the anionic picture. The overall decrease of the difference between the binding energies 
of the top two electrons in Mg, , as the cluster grows in size, and the disappearance of 
this difference at n — 18 are consistent with evolution toward a metallic state. It 1s 
clear however that what is shown in Fig. 14 is only a stage in this evolution. In fact, the 
figure indicates that for n2 18 the difference between the binding energies becomes 
nonzero again (see also Ref. [24]). The studies will have to be extended into the range 
of larger sizes. The central task, however, is to develop a true understanding of what 
constitutes the finite-size analog (or analogs) of the bulk metallic state. Such an un- 
derstanding is a pre-requisite for fundamental studies of size-induced transition to 
metallicity, a phenomenon that is considerably more multifaceted and more complex 
than the bulk nonmetal-to-metal transition. 
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5. ALUMINUM CLUSTERS: RESULTS AND DISCUSSION 

In this section we present and discuss results on the structure and EBE spectra of AL, 
n — 12-15. The analysis focuses on the understanding and explanation of the changes 
in the spectra as a function of cluster size. 

The most stable isomers of AL. n = 12-15, as obtained in our computations, are 
shown in Fig. 16. These are in qualitative agreement with the lowest energy structures 
found for these clusters in earlier studies [35, 36]. The EBE spectra computed for the 
configurations of Fig. 16 are displayed together with the measured spectra of AL, 
n = 12-15, in Fig. 17. The agreement between the two is excellent for all four sizes. 

The fact that all the features of the measured spectra are fully reproduced by the 
patterns of EBEs computed for the most stable isomers of the clusters is a consequence 
of the low temperature of the experiments [36, 37]. The EBEs computed in Ref. [36] 
applying a constant shift correction to the KS eigenenergies are close to our results 
(Fig. 17), which are obtained using the correction scheme of Section 2 [38]. The reason 
for this is that, as in the case of Mg, , the corrections to the KS eigenenergies of Al, 
are only weakly orbital-dependent; this weak orbital dependence, however, is not a 
general rule for clusters — see, for example, Ref. [39]. 

Perhaps the most striking feature of Fig. 17 is the dramatic changes in the spectra as 
a function of cluster size. Clusters that differ by only one atom display qualitatively 
different EBE patterns. For example, the three prominent humps in the spectrum of 
Ali» evolve into a single hump with a shoulder in the spectrum of Alj3. What drives 
the size-dependent changes in the EBE patterns? Can one correlate these changes with 
the size-driven variations in the structure, symmetry, and number of electrons of 
a cluster? 

As indicated in Fig. 16, addition of an Al atom changes the C, symmetry of the 
lowest energy structure of Alp into the J, symmetry of the most stable isomer of Alj5. 
The 13th atom is naturally added to the surface of the C, Alī. In order to analyze the 
separate roles of the structure and symmetry changes, on the one hand, and of 
the change in the number of electrons, on the other, one can consider an alternative 
path from C, Alp to J, Aliz. This alternative path is depicted in Fig. 18, which shows 
the correlation between the KS eigenenergies of Alp, Al, and Aly, Because of the 
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Figure 16: Structure and symmetry of the most stable isomers of Al, , n = 12-15, clusters. 
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Figure 17: Computed electron binding energies and the occupancy of the corresponding orbitals (vertical 
bars) for the most stable isomers of Al,, n = 12-15 [37]. The experimental spectra (continuous line graphs) 
[36, 38] are also shown (the intensity is in arbitrary units). 


weak orbital dependence of the correction terms for these systems, the patterns of their 
KS eigenenergies and EBEs mimic each other. 

Along the alternative path, one first considers the transformation of the C, isomer of 
Ali, into an J, cage structure, which is obtained from the J, isomer of Al: by re- 
moving its central atom (upon relaxation, the hollow cage with 12 surface Al atoms 
becomes a genuine, higher energy J, isomer of Alī). As is clear from Fig. 18, this 
transformation leads to the loss of the second hump in the spectrum of the C, Ali. 
Next, one considers the consequences of adding an Al atom in the center of the J, 
structure of Alz, These consequences can be assessed by correlating the eigenenergies 
of the added atom, computed under the constraints of J, symmetry, and those of 
the J, structure of Alī with the eigenenergies of the J, Alj3. As exhibited by the figure, 
the effect of the added electrons brought in by the central atom in the energy range 
of interest is twofold. First, the HOMO eigenenergy of the J, Alt, which traces the 
first hump in the spectrum of the C, Aly, shifts downward and joins the manifold 
of eigenenergies that traces the third hump in the spectrum of the C, Alj>. Second, 
some eigenenergies in this latter manifold shift to deeper levels. The cumulative 
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Figure 18: Correlation diagram for the KS eigenenergies of Alp, Al, and Alj;. The eigenenergies for the J, 
Ali» correspond to the unrelaxed structure (see the text for details). The boxes group eigenenergies cor- 
responding to (or tracing) the humps in the measured EBE spectra displayed in Fig. 17. 


effect of all the changes in the pattern of the eigenenergies that accompany the described 
stepwise transformation of a C, Alı> into an J, Al is that the spectrum of 
the latter exhibits a single, relatively narrow hump in the range of measured energies. 
Similar arguments can be invoked to explain the evolution of the spectrum of Alj3 into 
that of Alī4 and, subsequently, Alj;. The above analysis explains the size-driven changes 
in EBE spectra in terms of the effects of the changes in the structure, symmetry, and 
number of electrons of the system. It is general and applicable to any cluster. 
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6. SUMMARY 


In this article we reviewed our recent work on methodology and applications of 
computational electron spectroscopy. The methodology is based on the DFT of elec- 
tronic structure combined with a new correction scheme for conversion of the KS 
eigenenergies into EBEs. The scheme is rigorous in that it uses only ground-state 
properties that are well defined within DFT. It is robust in that it is applicable to any 
implementation of DFT. It defines orbital-specific corrections to the (negatives of the) 
KS eigenenergies. And it yields highly accurate EBEs, provided the (input) binding 
energies of the individual electrons, when they occupy the HOMO (i.e., the most 
exposed), are reproduced by the chosen implementation of DFT with sufficient ac- 
curacy. One can use the correction scheme even when the latter is not the case utilizing 
as input measured data on the binding energies of the most exposed electrons in 
different oxidation states of the system. 

The applications are given for gas-phase magnesium and aluminum clusters. We 
show that the spectra of EBEs computed for the anions of these clusters are in excellent 
correlation with the corresponding experimental PES data. We demonstrate that these 
data carry a wealth of information on the material, size, structure, and charge state of 
clusters (or, more generally, finite systems) and illustrate the role and power of com- 
putational electron spectroscopy as a tool for unraveling this information. 

We show that the size-driven changes in the EBEs of a system can be correlated with 
and understood in terms of the effects of the changes in its geometry, symmetry, and 
number of electrons. We illustrate how the size-dependent peculiarities in the spectra 
(e.g., the closure of the gap between the EBEs corresponding to frontier orbitals) can 
be used to study novel and complex size-driven phenomena (e.g., the size-induced 
transition to metallicity). An important role of computational electron spectroscopy is 
to identify subtleties in the descriptors of these phenomena that are central for correct 
understanding and interpretation of the results of measurements. The examples we 
discussed include the realization that the picture of size-induced transition to metalli- 
city may, and indeed does, depend on the charge state of the system, and that the 
manifestation of this transition, as probed in PES experiments on anions, represents 
the anionic, rather than the neutral species, picture. 
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Chapter 8 
Vibrational spectroscopy of gas-phase clusters and complexes 
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Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6 D14195 Berlin, 
Germany 


1. INTRODUCTION 


The successful application of infrared (IR) free electron lasers (FEL) to the vibrational 
spectroscopy of gas-phase particles during the last decade has had a major impact on 
the field of cluster science. Here we present an overview of IR experiments utilizing 
FEL radiation, which are performed at the Free Electron Laser for Infrared eXper- 
iments (FELIX)', focusing on size-selected metal-containing clusters. The motivation 
for performing IR experiments on metal-containing clusters is manifold, ranging from 
their appearance in the interstellar medium to understanding and improving the pro- 
duction of tailored nanoparticles. In recent years the largest stimulus has come from 
the field of catalysis, in which the potential to tune the properties of nanoparticles as a 
function of cluster size and composition has stimulated a comprehensive character- 
ization of these species. 

The central goal of performing IR experiments on gas-phase clusters lies in the 
unraveling of their geometric structure, which is otherwise difficult to experimentally 
probe. Understanding and assigning vibrational spectra of gas-phase clusters requires 
both sensitive experimental techniques to deal with the low number densities as 
well as reliable quantum mechanical calculations in order to assign the spectral fea- 
tures. Metal-containing clusters, and in particular transition metal clusters with open 
d-shells, can yield a wealth of geometric isomers. This makes both the prediction of the 
cluster structure solely based on quantum mechanical calculations, on one hand, and 
the assignment of an experimental vibrational spectrum without calculated vibrational 
frequencies, on the other hand, a difficult and in many cases unreliable endeavor. As we 
will describe in the following sections, often only the combination of the two methods 
can yield an unambiguous structural characterization of the particular cluster structure. 

The systems studied and some of their characteristic IR absorption regions probed 
in our experiments are summarized in Fig. 1. Four different types of metal-containing 
clusters are presented in more detail, namely pure metal, metal oxide, and metal 
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Figure 1: Overview of the spectral ranges for observed vibrational fundamentals (mainly stretching modes) 
in the different types of metal-containing cluster systems discussed in Section 4. 


carbide clusters, as well as pure metal cluster-CO complexes. Typical vibrational 
modes of pure metal clusters are generally found below 400cm7'. Metal oxide and 
metal carbide modes involving predominantly single bonds absorb in-between 400 and 
900 cm "`. The characteristic M=O and C=C stretching modes are located in relatively 
narrow regions at higher energy, around 1000 and 1400 cm "`. respectively. The ab- 
sorption region of dioxygen units bound to metal oxide clusters depends on their 
formal oxidation state, with peroxo groups absorbing roughly 150-300 cm! below 
superoxo groups, which are found around 1150cm !. For metal cluster-CO com- 
plexes the C=O stretching mode is found in-between 1700 and 2150 cm ^! , while the 
M-CO stretch lies below 650 cm". 

This chapter is structured as follows. We start with a description of the experimental 
methods in Section 2, beginning with the mechanism of IR multiple photon excitation 
(MPE) in Section 2.1, followed by a short discussion of the processes that can follow 
MPE and are used within our work to detect resonant IR-MPE, namely IR resonance 
enhanced multiple photon ionization (REMPI) and IR multiple photon dissociation 
(MPD) in Section 2.2. The section ends with the description of an alternative photo- 
dissociation (PD) technique in Section 2.3. This technique is based on the formation of 
cluster-messenger atom complexes and is particularly suited for the measurement of 
IR-PD spectra at longer wavelength and/or of smaller clusters. Details of the IR light 
source FELIX and of the experimental setups are given in Section 3. Section 4 gives an 
overview on our studies on metal-containing clusters and is divided into four parts: 
metal carbide clusters (Section 4.1), metal oxide clusters (Section 4.2), transition metal 
clusters (Section 4.3), and complexes of transition metal complexes (Section 4.4). The 
chapter ends with an outlook summarizing potential future developments in the field. 


2. METHODS 


Vibrational spectroscopy paired with quantum chemistry currently offers a direct and 
generally applicable approach to structural investigation of neutral and charged clusters 
in the gas-phase [1-3]. Direct absorption measurements based on, for instance, dis- 
charge modulation methods [4, 5] can yield high-resolution spectra of small molecules 
and molecular ions. However, these types of experiments become increasingly difficult 
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for larger and heavier species, owing to lower gas-phase number densities and the 
presence of other absorbing species. Therefore, alternative techniques have been de- 
veloped in which the absorption of photons can be measured indirectly. These tech- 
niques make use of the measurement of the response of the molecule or ion after photon 
absorption and hence are referred to as different types of action spectroscopy. The 
responses that can be detected are (a) a change in a quantum state, monitored via ion or 
fluorescence dip methods, (b) the emission of photons, (c) a change in mass, and (d) a 
change in charge. Here, we will only report on the latter two, 1.e., on systems where one 
or more IR photons are utilized to induce fragmentation, or where many photons are 
used to induce the thermal evaporation of an electron from a neutral cluster. 

For weakly bound complexes, one absorbed IR photon can be sufficient to bring the 
complex above the dissociation barrier such that it can undergo vibrational predisso- 
ciation. Monitoring the fragmentation yield as a function of wavelength can then give 
directly the linear absorption spectrum of the complex. In the IR, such experiments have 
first been performed by Lee and co-workers [6-9] on weakly bound hydrogen cluster 
ions. In Section 2.3, we will give more details on IR-PD experiments using the messenger 
atom technique and in Sections 4.2 and 4.3, we will show how this technique can be 
applied to the study of pure as well as oxygen-containing transition metal clusters. 

More strongly bound clusters and complexes can be more difficult to fragment. 
With typical dissociation energies of 1-6eV for a covalent bond, many IR photons 
need to be absorbed in order to induce fragmentation. High-fluence lasers are needed 
in such experiments. Since the 1970s, powerful CO; lasers have been used in IR-MPD 
experiments [10], initially mainly with the goal of isotope selective MPD for the pur- 
pose of isotope separation. Line-tunable CO; lasers can, however, also be used to 
perform spectroscopic studies on, for example, size-selected gas-phase neutral [11] and 
ionic species [12-14]. The use of an FEL to this end has greatly enhanced the pos- 
sibilities, as suitable FELs [15] make a large region in the IR available for IR-MPD 
experiments [16-18]. In Section 2.2, we will give more detailed information on the 
physical principles of IR-MPD, and in Sections 4.2-4.4, results from experiments on 
metal oxide, pure metal clusters, as well as metal cluster complexes will be presented. 

Most highly vibrationally excited neutral species in the gas-phase will cool via the 
emission of photons or small neutral fragments. However, some highly vibrationally 
excited molecules and clusters have an alternative cooling channel available: the ther- 
mal evaporation of an electron. For gas-phase species, this was first observed for 
fullerenes [19-21] as well as for metallic clusters [22]. This process will only occur for 
very stable species with a low ionization potential (IP) and — in zeroth order — the IP 
should be lower than the fragmentation barrier. The initial experiments used UV or 
visible lasers to indirectly populate highly excited vibrational states. The direct exci- 
tation of vibrational modes using an FEL was first performed for Ceo [23] and later for 
metal carbide [24] and metal oxide clusters [25]. In those experiments, the resonant 
absorption of several hundreds of IR photons in a single molecule or cluster is nec- 
essary to reach the required internal energy levels. Recording the ionization yield as a 
function of IR frequency then gives the IR-REMPI spectrum of the species. While such 
a spectrum is not equal to the linear IR absorption spectrum, it can be surprisingly 
close to it and can give a good idea about IR resonances in the molecule or cluster. In 
Section 2.2, the mechanism will be discussed, and in Sections 4.1 and 4.2.1, the ap- 
plication of IR-REMPI to metal carbide and metal oxide clusters will be presented. 
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2.1. Mechanism of infrared multiple photon excitation (IR-MPE) 

The mechanisms and efficiency of the IR-MPE process depend strongly on the size and 
properties of the absorber, its initial internal energy, and the properties of the light 
source. The details and modeling of the excitation process can be found elsewhere 
[10, 18, 26] and only a qualitative outline will be given here. An important role is 
played by anharmonicities. They prevent the absorption of more than a few photons in 
a single mode, as the anharmonicity will usually shift the resonance out of the ex- 
citation range of the laser (“anharmonic bottleneck”). 

The mechanism of the resonant absorption of many photons will thus not be a 
coherent multiphoton absorption process in one vibrational ladder, but rather the 
non-coherent, sequential absorption of multiple single photons. Anharmonicities also 
introduce a coupling mechanism between different modes, which allows an internal 
vibrational redistribution (IVR) of the energy, which in turn can cause line broad- 
ening. In the case of fast IVR, each photon absorption event can then be followed by 
redistribution of the energy, effectively “de-exciting” the IR-excited vibrational mode. 
The rate of photon absorption is then limited by the IVR rate, the properties of the 
light source, as well as the anharmonicities and cross-anharmonicities, which still can 
shift the resonance out of the excitation profile of the laser. For the value of the IVR 
rate, an important parameter is the internal energy at which the line broadening, 
caused by IVR, is approximately equal to the average mode spacing, given by the 
density of states. At low internal energies, IVR is slow and anharmonicities can limit 
the rate of photon absorption. At high internal energies, there is a quasi-continuum of 
vibrational states, IVR is fast and rapid absorption of photons can take place. Typical 
timescales for intramolecular relaxation of highly excited polyatomic molecules in this 
quasi-continuum regime are 10 !—10 P? sec. 

The IVR rate and the density of vibrational states are extremely important numbers 
for the IR-MPE process and are determined by several properties of the molecule. The 
density of states is determined by the size of the molecule or cluster and the values of 
the vibrational frequencies of the fundamental modes and scales roughly with EC"? 
(n = number of atoms, nz3, E= internal energy). This density of states quickly 
reaches values of many states/cm `` for systems containing only a few atoms at internal 
energies of — 1000 cm "` and can reach extremely high values for larger systems at 
higher internal energies. 

Ceo at a temperature of 800K, for example, has a vibrational state density of 10** 
states/cm ' [27] — clearly a quasi-continuum of states. Although the name quasi- 
continuum suggests that photons of any wavelength can be absorbed, this region is 
characterized by semi-resonant absorption in zones near the original fundamental 
transition [10]. These zones represent the background vibrational states that borrow 
intensity from the bright state via (indirect) anharmonic coupling. For Ceo at a tem- 
perature of 1790K with >10! states/cm !, still well-resolved resonances are ob- 
served which are not broader than 50cm '! [27]. The often found statement that only 
the first photons are absorbed on discrete resonances and then, photons of any color 
can be absorbed is thus not generally true. 

IR-MPE can be efficiently performed on polyatomic molecules that are not too cold, 
such that the density of states 1s high enough to allow for fast IVR. On the other hand, 
the spectral resolution deteriorates with increasing internal temperature and therefore a 
compromise for the cluster temperature has to be found, which strongly depends on the 
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particular system of interest. For small and/or colder molecules, in particular in tri- 
atomic systems, higher peak intensities may be necessary to reach the quasi-continuum. 


2.2. Infrared resonance enhanced multiple photon dissociation and ionization 

The IR-excited molecules or clusters can cool themselves via the emission of photons, 
neutral fragments or the emission of an electron. The rate of emission of photons rises 
with the fourth power of the internal energy (Stefan—Boltzmann law) and is dominant 
at lower excitation energies. The rate constants for the emission of neutral fragments 
or electrons grow exponentially with internal energy and will thus dominate at higher 
energies. The branching between those three processes depends on the internal energy 
and the properties of the species. For most molecules or clusters, the emission of 
neutral fragments will be much faster than the emission of electrons, as typical bond 
dissociation energies are lower than typical values for IPs. 

With the exception of the dissociation of a rare gas atom from a cluster, all processes 
described here require significant energy at which the densities of states are high and 
the system is in a quasi-continuum of states. Under such conditions, statistical theories 
often give a good description of the observed kinetics. Those theories are built on the 
assumptions such that each energetically allowed quantum state has the same a priori 
probability to be occupied and that there is a free flow of energy in the system. Then, 
the rate constant for dissociation or ionization is just given by 


oN"(E — Eo) 
hp(E) 


where c is a reaction symmetry factor, N"(E— Eo) the sum of the available states above 
the transition state (at energy Eo) leading to products, h Planck's constant, and p(E) 
the density of states at energy E. Details can be found elsewhere [28]. A dissociation or 
ionization process becomes energetically allowed when the internal energy is equal the 
reaction energy (dissociation of ionization energy). However, the rate constant for this 
process can be extremely small at low energies, and for the rate constant to reach a 
value such that the process becomes observable in the experimental time window, the 
internal energy often needs to be considerable above the reaction energy. 

In addition, it has to be considered that the IR-MPE process creates an ensemble of 
molecules with a distribution of energies. This distribution not only depends on the 
mechanism of IR-MPE, but also needs to be convoluted over the spatial profile of the 
excitation laser. The process of IR-MPE followed by dissociation [26] and ionization 
[18] has been modeled, taking the above points into consideration. Both the IR-MPD 
and the IR-REMPI processes require the absorption of many photons and, when 
monitored as a function of IR wavelength, give IR spectra that are not necessarily the 
same as a regular linear absorption spectrum. However, it has been shown previously 
that, very often, they are close to the linear absorption spectrum [18, 26] and give a 
good idea about the IR active modes. 


K(E) = (1) 


2.3. Messenger atom technique 
A method that can avoid having to excite a cluster by many photons and that enables 
the measurement of IR-PD spectra in the linear regime is the messenger atom 


332 KNUT R. ASMIS ET AL. 
technique [6], which can be schematically depicted as 


hv 


ABT. M —>(ABT. M)* vib. predissociation AB* +M (2) 


Here, the experiment is not performed on the bare ion of interest (AB), but rather on 
the weakly bound complex AB `. M. If the binding energy of the messenger species M 
is small enough, absorption of a single photon will be followed by vibrational pre- 
dissociation and can be detected by monitoring either the depletion of the complex or 
the formation of the bare ion. Ideally, the perturbation of the geometric and electronic 
structure of the AB moiety in the complex by the messenger species M is negligible, 
such that the IR spectrum of the complex reflects the IR spectrum of the bare ion. The 
use of He atoms as messenger species approaches this ideal situation quite well. When 
heavier species like Ar atoms are used, complications can arise and we discuss a few 
such examples in Sections 4.2.3 and 4.3.2. We note here already that binding energies 
of more than 1000 cm! for cluster ion-Ar atom complexes are not unusual. Thus at 
longer IR wavelengths, e.g., in the absorption region of pure metal clusters, this 
binding energy surpasses the photon energy again and the absorption of several pho- 
tons is required, which may lead to complications related to the anharmonic bottle- 
neck. The MPD approach (without rare gas atom) remains attractive for systems, in 
which the perturbation of the messenger atom cannot be neglected or for systems 
where rare gas attachment is difficult. 

The messenger atom technique is not restricted to ionic species, and can be applied 
to neutral clusters as well, if soft ionization without fragmentation of the rare gas 
complex is possible to allow for mass spectrometric characterization. An example for 
neutral metal clusters will be given in Section 4.3.3. 


3. EXPERIMENTAL SECTION 


3.1. Infrared free electron laser (IR-FEL) 

In an FEL, electromagnetic radiation is generated from a beam of relativistic elec- 
trons. The central part of an FEL is the undulator (Fig. 2), a periodically alternating 
static magnetic field. The peak emission wavelength depends on the undulator period 
L, the strength of the magnetic field, expressed by a dimensionless parameter K, and 
the electron energy: 


À p + EI (3) 
Ju? 


where y is the relativistic factor and corresponds to the kinetic energy of the electrons 
along the axis of the FEL in units of the electron rest energy moc’. In the moving 
electron frame the electrons see not only an oscillating magnetic field, but also an 
oscillating electric field in the perpendicular direction — in short, they see an electro- 
magnetic wave with wavelength L/y. Upon interaction with this wave the electrons 
emit (first-harmonic) light of the same wavelength. The corresponding wavelength in 
the laboratory frame is subject to the Doppler effect. Thus, for MeV electrons the peak 
emission wavelength is shortened relative to the macroscopic undulator period 
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Figure 2: Scheme of an FEL undulator and optical cavity. 


(Lx1cm) by the Lorentz contraction (1/y) and the Doppler shift (1/2y) into the 
micrometer wavelength region. 

The amount of power radiated spontaneously by a very energetic beam of electrons 
is not large. If the electrons were spaced uniformly along the beam, there would be no 
power emitted at all due to negative interference. Only the fluctuations in particle 
current would lead to a net radiation, which scales linearly with n, the number of 
electrons. The spectrum of the spontaneous radiation is determined by the finite un- 
dulator length / = N- L, resulting in a finite transit time and a fractional width of the 
spontaneous or noise radiation of 1/N. 

The ponderomotive force acting between the axial electron velocity and the mag- 
netic component of the electromagnetic wave is the origin of the stimulated emission 
of (highly coherent) photons. It couples the electron motion to the electromagnetic 
field and 1s phase dependent. Electrons that are in phase with the electromagnetic wave 
are retarded, while the ones with opposite phase gain energy. Through this exchange 
of energy a longitudinal density modulation on the scale of the wavelength is created, 
the so-called micro-bunching. More and more electrons begin to radiate in phase, 
which results in an increasingly coherent superposition of the radiation emitted from 
the micro-bunched electrons. The more intense the electromagnetic field gets, the more 
pronounced the longitudinal density modulation of the electron bunch and vice versa. 
With complete micro-bunching, all electrons radiate in phase and this leads to a 
radiation power, which is proportional to N’ and amplified many orders of magnitude 
with respect to the spontaneous emission of the undulator. 
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The temporal structure of the optical output pulse is determined by the incoming 
electron beam. The linear radio frequency (RF) accelerators of FELIX [29, 30] typ- 
ically generate 7 us long pulse trains of 1 ps long electron bunches at a repetition rate 
of up to 10 Hz. The micropulse repetition rate is either 25 MHz or 1 GHz, the latter 
corresponding to 40 optical pulses circulating in the 6m long cavity. The micropulse 
duration of the optical pulses can be varied in-between 300 fs to several picoseconds 
and their bandwidth is near-transform limited, ranging from less than 0.5% to several 
percent full width at half maximum (FWHM) of the central wavelength. 

The output wavelength of FELIX depends on the electron beam energy and the 
magnetic field strength. Generally, the wavelength is scanned by mechanically adjust- 
ing the distance of the undulator magnetic poles for a fixed beam energy. A factor of 
three in wavelength can be covered using a single electron beam setting. In total, a 
wavelength range from 4.5 to 250 um is covered by FELIX. Typically, macropulse 
energies at narrow bandwidth and 1 GHz micropulse repetition rate are 30-50 mJ. The 
IR radiation is guided via an evacuated transport system to a user station (roughly 
30m away). 


3.2. Molecular beam spectrometer 

The experiments on cluster beams (all IR-REMPI experiments as well as the IR-PD 
experiments described in Sections 4.2.2, 4.3, and 4.4) are performed in a molecular 
beam setup that is coupled to the beam-line of FELIX. A scheme of the experimental 
setup is shown in Fig. 3. The clusters are produced by ablating a metal rod using the 
second-harmonic output of a pulsed Nd:YAG laser. After subsequent injection of a 
short pulse of helium, cooling of the plasma and condensation into clusters occurs 
within the 3mm diameter wide clustering channel. This channel is extended by a flow 


2nd pulsed valve 
with reactor 
pulsed valve J 


buffer 








Figure 3: Molecular beam setup that is used for fragmentation and ionization spectroscopy of cluster 
complexes. The second pulsed valve with the reactor operating at room temperature can be replaced by a 
copper channel that is cooled to 80K to form rare gas complexes of the clusters. 
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reactor channel of 5mm diameter and 35mm length in which reaction gases can be 
injected by a second pulsed valve. The composition of the reaction products can be 
controlled via the flow of the reaction gas through the pulsed valve. 

After expansion into vacuum, the molecular beam is shaped by a skimmer followed 
by an aperture of 0.8mm diameter. The cluster distribution in the molecular beam is 
analyzed using a reflectron time-of-flight mass spectrometer (ToF-MS). When stud- 
ying neutral clusters, the charged clusters are deflected out of the molecular beam and 
the remaining neutrals are ionized using an excimer laser (ArF, 6.4eV/photon or Fo, 
7.9eV/photon) or using the frequency-doubled output of a dye laser. The molecular 
beam is overlapped with the counter-propagating IR laser beam, delivered by FELIX. 
The IR beam is focused onto the aperture in the molecular beam and is timed to 
irradiate the pulsed cluster beam when this is near the focus. When the frequency of 
the IR radiation is resonant with an IR-active mode of the cluster, one or more 
photons can be absorbed by the cluster. The excitation occurs typically 50 us before 
the clusters arrive in the ion extraction region of the mass spectrometer. The resulting 
heating of the clusters may induce fragmentation of the complexes, leading to their 
depletion in the beam. IR depletion spectra are constructed by recording the ion 
intensities of the complexes as function of the FELIX frequency. As the detection is 
mass selective, the simultaneous measurement of IR spectra for different cluster sizes is 
possible. To correct for long-term intensity fluctuations of the cluster source, the 
experiments are performed in a toggle mode with the cluster beam source running at 
10 Hz and FELIX at 5 Hz. Using two different channels of a digital storage oscillo- 
scope, mass spectra are recorded and averaged alternatingly, transferred to a com- 
puter, and analyzed to obtain the IR spectra. 

Vibrational spectra of metal clusters in the far-IR can be obtained by PD of their 
weakly bound complexes with rare gas atoms. In these experiments, a copper channel 
that is thermally isolated from the main body of the cluster source and that is cooled 
by direct contact to a liquid nitrogen filled reservoir replaces the reaction channel. The 
helium carrier gas is blended with a minor amount of a heavier rare gas, e.g., Ar, and 
when this gas mixture contains a sufficient concentration of Ar and when the copper 
channel is maintained at ^80 K, complexes of the metal clusters with Ar atoms can be 
observed. Examples for the far-IR PD spectroscopy on these metal cluster rare gas 
complexes are discussed in Section 4.3.3. 

For the measurements of IR-REMPI spectra the aforementioned setup is only 
slightly modified. Clusters of metal oxides or carbides are formed by laser vaporization 
using methane or oxygen mixed into the carrier gas and the reactor extension of the 
cluster source is replaced by a conical nozzle. To achieve high photon flux in 
the overlap region with the molecular beam, the IR beam is tightly focused onto the 
molecular beam between the extraction plates of the ToF-MS. Details of the 
IR-REMPI experiments have been described elsewhere [18]. 


3.3. Guided ion beam tandem-mass spectrometer 

The experiments on the vanadium oxide cluster ions described in Section 4.2.3 are 
performed in a guided ion beam tandem-mass spectrometer [31] that was temporarily 
installed at the FELIX facility. A schematic view of the experimental setup is given in 
Fig. 4. 
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Figure 4: Schematic view of the guided ion beam tandem-mass spectrometer used in the present studies [31]. 
The instrument is housed in a five-stage differentially pumped vacuum chamber. The FEL radiation is 
applied collinearly to the axis of the ion trap. 


Gas-phase vanadium oxide ions are produced by laser vaporization in a Smalley- 
type [32] source. The second harmonic of a Q-switched Nd:YAG laser is focused on a 
rotating and translating vanadium rod. The nanosecond laser pulse impinges on the 
metallic target and the metal vapor produced by the early portion of the laser pulse 
forms a dense cloud near the metal surface. This cloud is quickly ionized and the 
resulting plasma is entrained in an He carrier gas pulse and allowed to thermalize 
through collisions in the expansion channel. Cluster formation occurs here through 
three-body collisions. Adding small amounts of a reactive gas to the carrier gas allows 
tailoring the cluster composition. The average oxygen content per cluster, e.g., can be 
tuned by the amount of oxygen added to the He gas. The gas pulse then expands into 
the vacuum, cooling mainly rotational and translational degrees of freedom. The 
vibrational temperature of the ions is determined mainly by the temperature of the 
expansion channel. 

The ion beam, containing a distribution of cluster ions of different size exits the 
source region, is collimated and compressed in phase space in a gas-filled RF ion guide 
and directed into the first quadrupole mass filter. Mass-selected ions are then guided 
into a temperature-adjustable RF ion trap. The trap consists of a linear RF ion guide 
and two electrostatic ion lenses contained in a cylindrical housing, which is connected 
to the cold head of a closed-cycle He cryostat. The cylinder is continuously filled with 
He. The use of a buffer gas has several advantages. (1) The trap can be operated in a 
continuous ion-fill-mode. (ii) Trapped ions are collisionally cooled to the ambient 
temperature (approximately within a few milliseconds). (iii) At low trap temperatures 
ion-messenger atom complexes can be formed. (iv) Experiments can be performed at a 
defined, variable ion temperature, currently in-between 14 and 350K. 
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IR-PD spectra are obtained by photoexcitation of the trapped 1ons with the pulsed 
FEL radiation and subsequent monitoring of the fragment ion signal. A new meas- 
urement cycle is triggered by the previous FEL macropulse. First, the ion trap is filled 
with mass-selected ions. The trap is then closed and the ions are allowed to thermalize. 
Directly after FELIX fires, all ions are extracted and the mass-selected ion yield is 
monitored. This cycle is repeated multiple times, the signal is summed, and then the 
FEL is set to the next wavelength. The accuracy of the determined vibrational fre- 
quencies is generally within 1% of the central wavelength. The accuracy of the relative 
intensities is less well defined, mainly due to the non-monotonic variation of the 
FELIX beam intensity, bandwidth, and waist size with wavelength. We try to min- 
imize these variations and do not correct for them in our spectra. 


4. RESULTS 


4.1. Metal carbide clusters 

Metal carbides are promising systems for applications in heterogeneous catalysis, not 
only as support materials, but also as catalytically active phases. They are thought of 
having the potential of being future economic replacements of noble metals in meth- 
ane reforming, in the treatment of auto exhausts or for other (electro) oxidation 
reactions [33-35]. Several bulk transition metal carbides are metallic in character. 
The structure of, for example, TiC and similar metal carbides can be thought of as a 
regular cubic metal lattice in which the octahedral holes are intercalated by carbon 
atoms. When the size of the octahedral hole is large enough to accommodate a carbon 
atom without distorting the metal lattice, the intercalation is energetically favored and 
very stable metal carbides result, which have a metal to carbon ratio of 1:1 and a face 
centered cubic (fcc) crystal structure. This is the case for metals in which the atom 
radius is above about 1.3 À, like Ti, Zr, Hf, V, Nb, Ta, Mo, and W. Their carbides are 
characterized by very high melting points (3000-4000 K), high hardness (between 
topaz and diamond), and high electrical conductivity [36]. Those special properties 
make it interesting to investigate finite systems, clusters, of such materials in the gas- 
phase as a function of size and composition. In early experiments, the main focus was 
on intensity distributions in mass spectra. Those distributions are determined in a 
complicated way by the stabilities and reactivities of the clusters. For several metal 
carbides it is found that clusters of the composition MgC), are very abundant and a 
spherical shape was proposed [37], which later could be supported by ion mobility 
measurements [38]. Another group of clusters with compositions such as, for example, 
Mu: are also found to be very abundant and they are thought to have structures 
that resemble small pieces of the cubic bulk material, so-called nanocrystals [39]. We 
study the IR properties of such species by measuring their IR-REMPI spectra [18] 
(see Section 2.2). Systems investigated so far include TiC [24, 40], VC [41], NbC, and 
TaC [42]. To some extent, the properties of those carbides are similar and we will focus 
here on the TiC clusters. 


4.1.1. IR-REMPI of titanium carbide clusters 
Metal carbide clusters can be generated using the setup described in Section 3.2 by 
vaporization of the corresponding metal in a gas mixture of 95% argon and 5% CH4. 
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Figure 5: Mass spectra of titanium carbide cluster ions when exciting at 7.3 um (top trace) and at 20 um 
(bottom trace). In the inset shown in the top trace, the titanium isotope distribution can be seen. At higher 
masses (bottom trace), the mass resolution is no longer sufficient to separate isotopic peaks. 


Mass spectra of titanium carbide clusters when exciting at two different wavelengths 
are shown in Fig. 5. All mass peaks result from neutral cluster precursors that have 
absorbed enough IR photons in order to enable the evaporation of an electron. As 
mentioned previously, molecules and clusters of most materials will emit neutral atoms 
or fragments rather than electrons when being highly vibrationally excited. The evap- 
oration of an electron is the prerogative of very strongly bound species with low IP. 
When exciting at a wavelength of 7.3 um (top trace), several small clusters are ob- 
served. The largest peak (or better group of peaks) results from clusters having the 
composition TigCj>. TigC;5* has previously been observed to be abundant (“magic”) 
in mass spectra [37]. Less intense peaks are observed for TigC;; as well as for Ta, 
In the inset, an expanded view of the region around Det and TigC;, is shown. 
Clearly, fine structure can be observed that arises from the natural isotope distribution 
of titanium. The observed isotope distribution is virtually indistinguishable from a 
simulated distribution, giving evidence for the stoichiometries indicated in the figures. 

In the lower trace, a mass spectrum after excitation at 20 um is shown. Clearly, the 
mass distribution is very different from the one observed after 7.3 um excitation. 
Hardly any TigC;5' is found and all mass peaks result from larger clusters. The lowest 
mass peak with significant intensity results from Tij4C;4' and is assigned to a cubic 
cluster consisting of 3x 3 x 3 atoms having a structure similar to that of bulk TiC, 
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which has an fcc (NaCl-like) structure. For the larger clusters, prominent peaks are 
Observed at masses that correspond to those of ideal or near ideal cubes of atoms. In 
the presented mass spectrum the isotopic distribution of Ti and the limited mass 
resolution of the mass spectrometer of +1500 result in a not fully resolved mass 
spectrum. Nonetheless, distinct groups of peaks are observed having rather sharp 
maxima. These maxima appear at masses corresponding to cubes of 3x3x4, 
3x4x4, and 4 x 4 x 4atoms, all however, shifted 48 amu toward lower masses. They 
thus could correspond to clusters having one titanium atom less than the ideal clusters. 
They could, however, also correspond to clusters having four carbon atoms less than 
the ideal cluster. While a Ti;4C;5 cluster with the dimension of 3 x 3 x 3atoms will 
have all eight corners occupied by metal atoms, this is no longer possible if one or 
more sides have an even number of atoms. In this case, four corner atoms will be 
occupied by metal atoms and four by carbon atoms. In experiments on vanadium 
carbide clusters, clusters with carbon atom vacancies, presumably at the corners, are 
observed [41]. For those clusters, it is also observed that other cubic structures, such as 
3x3x50r3x4»x 5atom clusters, are present. There, the 3 x 4 x 5 structure shows 
again a tendency to form clusters that lack four carbon atoms. The 3 x 3 x 5 structure 
on the other hand can have all corners occupied with metal atoms and the cluster 
prefers to form the ideal structure [41]. In the case of TiC, the complicated isotope 
distribution of titanium prevents us from deducing similarly detailed information from 
the mass spectrum. Nonetheless, it is clear that the mass distribution when exciting at 
20 um is compatible with (defective) cubic cluster structures. 

For each mass peak, its wavelength dependence can be monitored and an IR spec- 
trum can be obtained. In Fig. 6, the IR-REMPI spectra for TigC;? and TigC;, as well 
as for VgCı2 and VgC,, are shown. The spectra are dominated by a strong resonance, 
centered around 1400 cm ^! (7.3 um). 
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Figure 6: IR-REMPI spectra for Mat and MgC, clusters, with M=Ti and V. 
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Ion signal for those clusters is also found at around 500 cm”! (20 um); its relative 
intensity there is however significantly less than at 1400 cm ^! As described above, in 
order for clusters to undergo thermionic electron emission, they need to be very stable 
as neutrals, i.e., they need to possess high dissociation thresholds and relatively low 
IPs. While this is somewhat expected for TigCj2 and Net, it comes as a surprise for 
TigC;; and VgC,,;. These clusters have not previously been observed to be special 
(“magic”), nor did anybody propose a special structure for them. The spectra of the 
(8,11) clusters can be compared to their (8,12) counterparts. Clearly, the spectra are 
very similar but it is important to note that they are not the same. If they would be the 
same, one could not exclude the possibility that the (8,11) clusters are formed during 
or after the excitation/ionization process by fragmentation of (8,12) clusters. The 
peaks in the spectra of the (8,11) clusters are somewhat red-shifted compared to the 
(8,12) clusters and, at least for TigC;;, the resonance is clearly narrower. The spectrum 
of the (8,12) and (8,11) clusters look very different than the spectra of the other larger 
titanium carbide clusters (Fig. 7). This is in line with the large differences in proposed 
structure of Det to the structures of the larger titanium carbide clusters. While there 
is some uncertainty on the details of the structure, all proposed structures for (8,12) 
clusters involve C; units that coordinate to the metal atoms [43-47]. The intense modes 
around 1400 cm”! can be related to C=C stretching vibrations in these dimers. The IR 
spectra of the (8,11) clusters in Fig. 6 are similar to those of Dest and Netz, 
indicating that the main structural motives are similar as well. 


4.1.2. IR spectra of titanium carbide nanocrystals 

In Fig. 7, IR spectra for Ti,C, clusters in the frequency range between 400 and 
1000 cm”! are shown. The mass spectra recorded when exciting in this spectral range 
are dominated by clusters with a very different stoichiometry than the (8,12) or (8,11) 
clusters. These clusters have a near 1:1 ratio of Ti/C and, as is discussed in the previous 
section, the distributions observed in the mass spectra that are recorded when exciting 
at around 500 cm! point to nanocrystalline structures. The IR spectra of all clusters 
are dominated by a strong resonance at 485cm !. When going from Tij4C;s 
(3 x 3 x 3atom cluster) to clusters of sizes in the range Testen (5 x 5 x 5atoms clus- 
ter), the position of this peak does not shift within experimental uncertainty. For 
Tut, an additional peak at 630cm! is observed. For larger clusters, this peak 
becomes weak and broad and melts into an almost constant background that persists 
up to 1000 em "` and beyond. 

Since it is claimed that the TiC nanoparticles have a structure that is very similar to the 
structure of bulk TiC, their IR spectra should be compared to spectra of bulk TiC. As is 
mentioned before, bulk TiC is a conductor (metallic). When irradiating bulk TiC with 
(IR) light, the light will interact with the conduction electrons, leading to the reflection of 
the incoming electromagnetic wave. This effect will effectively shield the lattice vibra- 
tions and a phonon spectrum is thus difficult to measure using IR light. An alternative 
method to get information on (surface) phonons of bulk samples is electron energy loss 
spectroscopy (EELS). Using this technique, the entire phonon dispersion curve can be 
measured, including the k = 0 optically active phonons. The group of Oshima has done 
so for most of the refractory metal carbides, including TiC [48]. In Fig. 7, the positions 
of the two optically active phonon modes of the TiC (100) surface [48] are indicated 
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Figure 7: IR-REMPI spectra for TiC clusters with compositions that correspond to cubic clusters of sizes 
3 x3 x3 to 5x 5x 5atoms. Shown as dashed lines are the frequencies of IR active surface phonon modes of 
bulk TiC. 


as dashed lines. Surprisingly, the peak positions observed in the spectra of TiC nano- 
crystals are very close to the surface phonons observed for the bulk in the EELS 
experiment. In the EELS experiment, it can be argued that the lower frequency line 
at 504 cm '! corresponds to motion of the surface carbon atoms perpendicular to the 
surface, while the higher frequency mode at 653 cm "` corresponds to motion of carbon 
atoms parallel to the surface. It is of course not clear how such a mode description can 
be applied to the small nanocrystals that are studied here, as many carbon atoms will be 
located on edges or corners. Nonetheless, it is striking how close the here observed 
resonances are to the bulk and it is surprising that clusters as small as 3 x 3 x 3atoms 
seem to have already “bridged the gap" to the bulk, at least as far as their vibrational 
properties are concerned. 
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At Dua or Vi4C,5, the vibrational properties seem already converged to the bulk. 
It would thus be interesting to investigate smaller nanocrystalline clusters. Unfortu- 
nately, for titanium [24] and vanadium [41], no ion signal for smaller nanocrystalline 
clusters 1s observed. This can have several reasons. First, it might be that there are no 
smaller neutral nanocrystalline clusters in the beam. This seems unlikely, as they are 
expected to be intermediates in the growth of the (observed) larger clusters. Another 
reason might be that the clusters are not excited high enough using FELIX. This could 
be caused by either resonances being weaker or significantly shifted from those of the 
bigger clusters. Or, alternatively, their anharmonicities might be significantly larger 
and their resonances could thus quickly shift out of the excitation profile of FELIX. 
The most likely explanation is, however, that when the small clusters are excited, 
they evaporate neutral atoms and not electrons. When particles get smaller, their IPs 
usually increase and their dissociation thresholds decrease. It thus might be the case 
that small TiC or VC nanocrystals are just not stable enough to undergo thermionic 
emission in the IR-REMPI experiment. In experiments on tantalum and niobium 
carbide clusters, IR-REMPI signal was observed for clusters as small as M4C4 [42]. In 
those experiments, it is observed that the very small clusters from M4C4 to MoCo have 
an IR spectrum that is significantly different from that of larger clusters and the bulk. 
Starting from Maat, the low-frequency mode appears and, as for TiC and VC 
clusters, becomes the dominant mode for larger clusters. 


4.2. Metal oxide clusters 
Over the last ten years great progress has been made in the study of the size-dependent 
properties of isolated metal oxide clusters. These studies are motivated not only by the 
interest in this peculiar state of matter, but also, for example, to aid in the design of 
functional building blocks for nanostructured materials, to identify nanoparticles in 
diverse astrophysical environments, to gain a better understanding of the elementary 
steps in heterogeneous catalysis, or to deliver crucial benchmark data for higher level 
quantum mechanical calculations, on the basis of which efficient models applicable to the 
computationally more demanding cluster/surface systems can be developed. A corner 
stone in these studies is the experimental characterization of the cluster structure using 
gas-phase vibrational spectroscopy. Here we present a chronological overview of recent 
IR studies on neutral and charged metal oxide clusters performed at the FELIX facility. 

The first IR studies performed on metal oxide clusters were IR-REMPI experiments 
[25, 49—51] and these are summarized in Section 4.2.1. Neutral metal oxide cluster 
distributions were irradiated with tunable and intense IR radiation and the so pro- 
duced ions were mass-selectively detected. Cluster ionization, dissociation, and ion- 
ization followed by dissociation are all feasible channels and require comparable 
energies in these particular systems, complicating the interpretation of the exper- 
imental spectra and making a detailed structural assignment to individual cluster 
structures very difficult. Nonetheless, these experiments provided an overview of the 
IR absorption properties of metal oxide clusters over a large size distribution and over 
a broad spectral range, yielding a first glimpse at the size dependence of characteristic 
structural motifs in these clusters. 

The IR-REMPI scheme requires that the cluster of interest has an IP that is lower 
than its barrier for fragmentation, and therefore this method is not applicable to 
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oxides containing a transition metal in a high formal oxidation state. These clusters 
usually have IPs larger than 10eV and considerably lower fragmentation barriers. In 
these cases IR-PD studies need to be applied, which generally require charged species 
for pre- and/or post-mass selection and thus have mainly been applied to charged 
clusters. IR-PD studies have been performed on metal oxide clusters using two ex- 
perimental setups. Measurements using the molecular beam ToF-MS machine (see 
Section 3.2) have the advantage that IR spectra of all ions can be measured simul- 
taneously, reducing the acquisition time considerably and making them particularly 
interesting for overview studies. Such experiments on niobium oxide cations [52] are 
described in Section 4.2.2. However, these experiments lack mass selection of the 
cluster ions prior to the interaction with the IR beam and thus the absorbing species is 
not uniquely identified when parent ions of different mass produce fragment ions of 
identical mass. In these cases it becomes advantageous to use a tandem-mass spec- 
trometer setup (see Section 3.3), which allows mass selection of both the parent and 
the fragment ion. These experiments combined with the messenger atom technique 
produce the most detailed IR spectra, and examples of such studies on vanadium oxide 
cations [31, 53, 54] and anions [55, 56] are described in Section 4.2.3. 


4.2.1. Zr, Mg, Al, and Ti oxide clusters 

The initial IR-REMPI studies focused on the size-dependent structural characteriza- 
tion of neutral zirconium oxide clusters [25]. IR spectra of distributions of ZrO clusters 
with sizes up to Zr32063 were measured (see Fig. 8). High ionization energies of 
~6-8 eV as well as comparable dissociation energies complicate the interpretation of 
the IR-REMPI spectra, because the efficiency of the photoionization process is 
strongly intensity dependent and it is accompanied by PD. All spectra reveal an 
absorption feature in the 500-800 cm! region, which is assigned to the absorption of 
vibrations involving Zr-O-Zr single bonds. In particular, B3LYP calculations predict 
the formation of Zr-O-Zr-O four-membered rings in all calculated structures, which 
have active modes between 600 and 800 om". Stretching vibrations of terminal Zr-O 
groups are calculated to be around 900 cm "1: however, there are no corresponding 
bands in the experimental spectra. 

The subsequent studies on magnesium and aluminum oxides confirmed the char- 
acteristic and size-dependent absorption of neutral metal oxide clusters between 400 
and 800 cm ^, but difficulties with identifying individual cluster structures remained. 
IR-REMPI spectra were obtained for magnesium oxide clusters in the size range from 
30 to 300 atoms [49]. For the smaller clusters, enhanced abundances were observed for 
stoichiometries corresponding to (MgO);, species, while for the larger clusters the 
prominent peaks in the mass spectra are consistent with cubic nanocrystal structures. 
All clusters, independent of closed cubic structure or an incomplete lattice fragment, 
were found to have essentially the same IR spectra: two broad resonances at 625 and 
450 cm '!, correlating well with the perpendicular and parallel bulk phonon modes. 

Mass spectra of neutral aluminum oxide clusters produced by laser vaporization and 
then ionized by irradiation with FELIX at 11 im are dominated by peaks corre- 
sponding to cluster ions with AIO(AL,O;), stoichiometries [50]. Their abundance in the 
mass spectra is attributed to the open-shell nature of neutral AIO(AL,O;), clusters 
compared to the closed-shell nature of the (Al2O3), clusters. On ionization, 
AIO(ALO3), clusters can form closed-shell AIO(ALOs), ions and thus should be 
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Figure 8: IR-REMPI spectra for ZrO clusters. The lowest trace corresponds to the signal of ZrO * , which is 
formed as a fragment. 


characterized by lower ionization energies than (A1;05), clusters, where the situation is 
reversed. The IR-REMPI spectra of AlO(A1,03), clusters with n = 11-71 show ab- 
sorption in the 475-1100 cm ! region. The smaller clusters show two absorption 
bands, which are assigned to integrated “lattice-like” structures resembling y-Al;O; 
rather than a-Al;O;, which is the thermodynamically stable form of the bulk. These 
absorption features change with cluster size leading to one broad band for n» 34, 
suggesting a transition to an amorphous phase of Al2O0; [51]. 

IR-REMPI spectra of titanium oxide clusters [18, 51] were measured for three 
cluster sizes, corresponding to the following clusters: (TiJ03)>(TiO>)s5, (Ti203)3(T102)o, 
and (T1203)5(TIO5);5. The spectra are similar for all cluster sizes, containing a single 
peak in the region from 333 to 2000 em "`. With increasing cluster size, the peak shifts 
from 725 to 740cm ` and the FWHW increases from 80 to 210cm 1. The strong 
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absorption around ~730 cm7! suggests a cluster structure, which is close to the rutile 
bulk phase of TiO». 


4.2.2. Niobium oxide cluster cations 

Using the molecular beam setup described in Section 3.2, IR-MPD spectra of niobium 
oxide cluster cations were measured in the range of 400-1650 cm’ by irradiation of a 
pulsed molecular beam, followed by mass-selective detection of the ions. IR-MPD 
leads to a change in the ion signal; signal depletion indicates fragmentation of the 
monitored ion, while an increase in signal indicates heavier clusters fragmenting into 
this mass channel. The method favors detection of cluster ions with low dissociation 
energies and therefore IR-MPD spectra of mainly the stoichiometric clusters 
(Nb20s),*, (Nb;O;),NbO *, and oxygen richer species are measured. The spectra of 
most clusters show two features: a narrow band around 990 cm", which is assigned 
to stretching vibrations involving Nb=O double bonds, and a broader band in the 
700—900 em ' range, which is attributed to stretching vibrations of Nb-O-Nb bridges. 
For several clusters a unique structural assignment based on a comparison between 
experimental and calculated spectrum is possible. An example is shown in Fig. 9 for 
Nb-O6`, which is found to form a four-membered Nb-O-Nb-O ring, characteristic 
for smaller transition metal oxide clusters, and to contain a dioxo (n'-superoxo) unit. 


4.2.3. Vanadium oxide ions 

The most comprehensive study on metal oxide 1ons has focused on vanadium oxide 
ions and these studies are described here in more detail. These experiments employ the 
tandem-mass spectrometer/ion trap setup described in Section 3.3 and deliver IR 
spectra with high detail. We discuss various aspects relating to the assignment of the 
spectra, the size dependence of the structure, both geometric as well as electronic, and 
the influence of the messenger atom on the cluster energetics and spectroscopy. Recent 
advances, in particular with respect to cluster preparation, are highlighted at the end 
of this section and point to possible future developments in this still increasingly active 
research field. 

An overview of IR-MPD spectra of vanadium oxide cations and anions is presented 
in Figs. 10 and 11, respectively [53-59]. The experimental spectra (left) are shown 
together with the simulated spectra of the assigned isomers, which in most cases 
correspond to the lowest energy structures. Exceptions are discussed further down in 
the text. The geometric structures of the assigned isomers are shown in Figs. 12 and 13. 

Three types of vibrational normal modes are IR active in vanadium oxide cluster 
ions. (i) The vanadyl stretching region is located in-between 910 and 1070 cm "`. Typ- 
ically, the vanadyl stretch modes lie below 1000cm7' in the anions and above 
1000 cm! in the cations. (ii) Separated from, and energetically below, this region is 
the V-O-V stretching region, ranging from below 600 to 870cm ! and mainly in- 
volving vibrational motion of the V—O single bonds comprising the ring and backbone 
structure of the cluster ions. Modes delocalized over larger parts of the ion are gen- 
erally found at lower wavenumber. (iii) In oxygen-rich compounds various types of 
oxo-species can be observed, which range from associated O5 molecules, over super- 
oxo (O27) to peroxo (O,)” species (the charges specified are formal charges). Due to 
an increasing occupation of antibonding m-orbitals, the bond order decreases with 
increasing formal negative charge. As a result, the O-O distance increases and the 
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Figure 9: Top: Experimental IR spectrum of Nb3Og&* as obtained by IR multiple photon dissociation 
spectroscopy. The inset shows the band around 990cm ! with higher resolution. The fitted line is the 
envelope of two separate peaks at 989 and 999 em"! (10cm! FWHM). Bottom: Calculated IR spectra for 
five different isomers, whose geometric structure is schematically indicated on the left-hand side. 


originally dipole-forbidden vibrational transition (1580 cm! in Os) is red-shifted and 
gains in intensity. 

The intensities of the IR active modes range from weak, e.g., ~50 km/mol for the 
superoxo-mode in V207, to very strong (2000 km/mol) for individual O-V-O 
modes in the largest cluster anions studied. In general, the intensity of the V-O-V 
modes is comparable to those of the V=O modes; however, since the latter often 
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Figure 10: Overview of experimental messenger atom IR-PD spectra (left column) and simulated IR ab- 
sorption spectra (right column), based on scaled B3LYP/TZVP frequencies and oscillator strengths of the 
lowest energy isomer in its electronic ground state for vanadium oxide cluster cations ranging from VO* to 
V206" (from top to bottom). 


overlap in a narrower region the vanadyl band is generally the most intense feature in 
the spectrum. An exception is V4O,;o , where as a result of the high symmetry of the 
cluster anion only a comparably weak and red-shifted O-V-O band is observed. 


4.2.3.1. Assignment of vibrational spectra The identification of the electronic state 
and structure of a particular vanadium oxide cluster ion is based on the comparison 
between the experimental PD spectra and simulated IR spectra of possible structural 
and electronic isomers. The simulated spectra are convoluted stick spectra, represent- 
ing the scaled harmonic frequencies from B3LYP/TZVP calculations. Different scaling 
factors were used for the vanadyl modes (0.9167) and for the V-O-V modes as well as 
other modes below 900 em" (0.9832) [53]. An assignment based exclusively on the 
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Figure 11: Overview of experimental IR-MPD spectra (left column) and simulated IR absorption spectra 
(right column), based on scaled B3LYP/TZVP frequencies and oscillator strengths of the lowest energy 
isomer in its electronic ground state of vanadium oxide cluster anions ranging from V206 to VO (from 
top to bottom). 


experiment or theory is nearly impossible for the vanadium oxides ions because of the 
wealth of possible electronic and structural isomers. Two examples are shown in 
Fig. 14. For VO" the lowest two isomers are nearly identical with respect to their 
geometry, but differ in their electronic symmetry, 7A’ vs. ?A". Interestingly, their 
vibrational spectra are markedly different: five bands for the *A’ isomer vs. four bands 
for the ^A" isomer. Comparison with the experiment nicely confirms the *A’ isomer as 
the lowest in energy [53], resolving a discrepancy in the literature concerning the 
nature of the electronic ground state of V205" [60, 61]. 
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Figure 13: B3LYP/TZVP structures of anionic vanadium oxide clusters. 
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Figure 14: Assignment of the experimental vibrational spectra based on comparison with simulated IR 
spectra. The experimental messenger atom IR-PD spectra of Na: (bottom left) and V20¢° - He (bottom 
right) are shown together with the lowest (A) and second lowest energy isomers of V;Os* (left) and V206" 
(right). 


The V206" spectra (right side in Fig. 14) demonstrate the sensitivity of the vibra- 
tional spectra to the interaction strength with oxo-groups in oxygen-rich vanadium 
oxide ions. Isomer B had been suggested to be the ground state of Va," [61]. Its 
vibrational spectrum, however, lacks a band observed in the experiment. This stim- 
ulated a further search, which came up with isomer A. The two calculated isomers 
consist of a nearly identical trans-V5,O4 unit, but differ in the way they bind the 
dioxygen group. Isomer A forms a n?-superoxo structure, while isomer B only weakly 
binds the O, unit, forming an O,-complex with formally no charge. The different types 
of binding are reflected in the scaled vibrational frequencies involving the O»-unit: 
1142cm7! in the superoxo structure vs. 1404 cm "in the O5 complex [53]. The ex- 
periment yields 1160 cm", supporting the superoxo structure. 


4.2.3.2. Change in structural motifs with cluster size Several structural motifs are 
found as a function of size. A characteristic four-membered planar V-O-V-O ring is 
found in divanadium oxide cations [53] and anions [56]. Its spectral signature consists 
of three in-plane deformation bands of comparable intensity in the 550-870 cm7" re- 
gion. Only two of these bands are observed for V202", because the third, predicted at 
565cm |, lies outside of the measurement window. An M-O-M-O (M = metal atom) 
ring was originally predicted for small neutral scandium oxide clusters [62] and 
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experimentally observed, in the form of a broad, unstructured band in-between 600 and 
800cm~', in the IR-REMPI spectra of neutral zirconium oxide clusters [25] (see 
Section 4.2.1 and Fig. 8). The latter study was not able to resolve the individual 
vibrational ring modes, mainly due to lack of mass selection of the absorbing (parent) 
species. Vanadium oxide cluster ions with three vanadium atoms represent an in- 
termediate cluster class; they show a 3D backbone structure, but still contain one 
vanadium atom that contributes only two bonds to the cage backbone. Vin is the 
first cage structure, in which each vanadium atom forms three V-O-V bonds and only 
a single terminal vanadyl bond. All larger clusters follow this trend, making this 
structural element a general criterion for particular stable structure in V,O, */^ ions 
with x>4. 

Figure 15 compares the gas-phase IR-MPD spectrum of VgOoo with the electron 
energy loss spectrum of a V5Os surface [63], which also probes vibrational states. The 
spectra are surprisingly similar in the region above 740cm', both displaying two 
bands of similar width and relative intensity. Their assignment is identical, i.e., to 
vibrational modes of singly and doubly coordinated oxygen atoms. The third broad- 
band of the surface spectrum is not observed in the gas-phase. This can easily be 
rationalized because this band is assigned [64, 65] to triply coordinated oxygen sites, 
which do not exist in the VgO,, cluster anion. Hence, the vibrational spectra reflect 
clearly the common (V=O and V-O-V bonds) and the discriminating (triply co- 
ordinated O) structural features of gas-phase clusters and solid surfaces. 
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Figure 15: Vibrational spectra of different forms of vanadium oxide. The IR-MPD spectrum of the gas- 
phase cluster anion VgO>0 (top) is shown together with the spectrum of a freshly cleaved (001) surface of 
V20; (bottom), measured using high-resolution electron energy loss spectroscopy. 
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4.2.3.3. Influence of the messenger atom For the IR-PD measurements we generally 
assume that if He is used as a messenger atom, its influence on the cluster ion en- 
ergetics and dynamics is negligible. Ar can also be used, but its eight times larger 
polarizability leads to a considerably stronger charge-induced dipole interaction with 
the ion and may cause complications. This is supported by experiments [54] and high- 
level calculations [58, 66] that we performed on VO* complexes with various mes- 
senger atoms/molecules. Experimentally, we find v(VO) to be 1053--5cm' ! for 
the He-containing messenger complex, and the small relative shifts (-- 1 cm!) for 
the VO* - He, (n> 1) and VO* - Hy complexes indicate only a minimal influence of the 
lighter ligands (H5, He) on the vibrational frequency of VO '. This is supported by 
CASPT2/cc-pVQZ calculations, which predict a shift of +2cm™' for He and place the 
harmonic vibrational frequencies of VOT and VO* - He at 1052 and 1054cm™', re- 
spectively. For Ar, the experimental shift is -- 8cm ^, significantly larger, but still on 
the order of the experimental accuracy. That Ar may be more problematic in this 
particular case is also indicated by its more than four times larger binding energy to 
VO* (D, = 3535cm TV compared to VO" He (D, = 788cm TL requiring the ab- 
sorption of several (24) photons to overcome the dissociation threshold. 

The IR-MPD spectrum of V306" - Ar; (bottom spectrum in Fig. 16) is a good 
example for how Ar, in contrast to He, messenger atoms can affect the vibrational 
spectrum of vanadium oxide cations. The lowest energy structure found for V4Og* is 
the chain-like structure shown in Fig. 16. Its scaled harmonic frequencies (spectrum 
C) match the experimentally observed bands rather well, considerably better than, 
e.g., the frequencies of the energetically second lowest isomer (spectrum D) with a 
ribbon-like structure and 31.8 kJ/mol higher in energy. However, the experimental 
spectrum clearly has additional bands in the V-O-V stretch region compared to 
spectrum C and does not reproduce the relative intensity of the vanadyl band at 
1044cm7'. Both of these effects can be attributed to the presence of the Ar atoms. 
Calculations on the Ar-complexes of V306" confirm that the additional bands are, at 
least in part, due to a splitting of the vibrational modes as a result of the asymmetric 
solvation of V306" by the Ar atoms. The discrepancies with respect to the relative 
intensities are a result of the relatively high sequential binding energies for the first 
and second Ar atom of 28.3 and 21.3 kJ/mol, respectively. Consequently, the ab- 
sorption of at least two and, in the region below ~900cm7', three IR photons are 
required to pump sufficient energy into the complex in order to break the bond to one 
of the messenger atoms in V306" - Ar». 

A different example of how the Ar messenger atom can lead to an apparent dis- 
crepancy between experiment and theory is found for V4O;* (see Fig. 16). Here the 
calculations on bare V307" find a caged structure lowest in energy, but its IR spec- 
trum disagrees with the experimental spectrum of V3O;' - Ar (Fig. 16). Interestingly, 
the simulated IR spectra of the (bare) ring isomer, found 17.4 kJ/mol above the (bare) 
caged isomer, match much better. Calculations on the respective Ar complexes yield 
almost IR spectra identical to those of the bare clusters (e.g., spectrum A and B in 
Fig. 16), but, surprisingly, change the energetic ordering of the isomers. While the Ar 
complex of the cage isomer is only stabilized by 15.6 kJ/mol relative to the bare ion, 
the ring isomer is found to drop by 50.1 kJ/mol in energy, placing it 17.1 kJ/mol 
below (!) the Ar complex of the cage isomer. This behavior is exceptional, but em- 
phasizes the importance of taking the influence of the messenger atom into account. 
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Figure 16: Left: The experimental messenger atom IR-PD spectrum of Va, - Ar; (bottom) is shown 
together with the simulated IR spectra of the two lowest energy isomers, which have a chain-like (spectrum 
C) and a ribbon-like structure (spectrum D), respectively. For the chain-like isomer structure we also 
calculated the IR spectra of the corresponding messenger atom complexes with one (spectrum B) and two Ar 
atoms (spectrum A). Right: The experimental messenger atom IR-PD spectrum of V4O;* - Ar (bottom) is 
shown together with the simulated IR spectra of the Ar messenger atom complexes of the two lowest energy 
isomers, which have a ring-like (spectrum B) and a cage-like structure (spectrum C), respectively. The IR 
spectrum of the bare ring-like isomer is also shown (spectrum A). 


Without considering the interaction with Ar, the spectrum seemed to indicate that it 1s 
not due to the lowest energy isomer. 


4.2.3.4. Electron localization Symmetry-breaking electron or hole localization is ob- 
served in many chemical systems and its proper description by density functional 
theory (DFT) depends on the functional used. For example, the electron hole created 
in quartz when doped with Al is not delocalized over all four oxygen sites of the A104 
defect site, but localized at one oxygen only [67, 68]. We use the measured IR-MPD 
spectra of (V205), with n = 2, 3, and 4 as criterion for selecting the proper functional 
and find that only B3LYP has the right admixture of Fock exchange to reproduce the 
size-dependent change from delocalized to localized d-electron states in vanadium 
oxide cages correctly [55]. 

For V4O;o we find a tetragonal D2, structure, which is minimally Jahn-Teller 
distorted from the 77 structure. The unpaired electron is completely delocalized over 
d-states of all four vanadium sites as illustrated by its singly occupied natural orbital 
SONO(1) (Fig. 17). In contrast, in the larger anions the unpaired electron localizes at a 
single vanadium site, which lowers the symmetry of their structures to C,. For Nels ^ 
and VgO.9_ we find the distorted trigonal prism and cube structures (Fig. 13). Their 
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Figure 17: Singly occupied natural orbitals for (from left to right) V4Ojo , V6O15 , and VgO»o . 


singly occupied natural orbitals, SONO(2) and SONO(3), reflect the localization of the 
unpaired electron. Unlike the closed-shell neutral parent compounds, the D3; structure 
(trigonal prism) of Neits and the Dau structure (cube) of VgO29_ are higher order 
saddle points. For both Nei: and VgO2ọ first order saddle points with C5, sym- 
metry are found, which represent transition structures for the interconversion of two 
equivalent C,-minimum structures and have the additional electron delocalized over 
two sites. 

The effects of symmetry breaking are directly observed in the vibrational spectra of 
these species, indicated by the gray-shaded area in Fig. 18. On localization of the 
unpaired electron, intense V-O-V stretch transitions appear ~100—-200cm~' below 
the strong vanadyl band, which replace the weak V-O-V feature more than 
7350 cm”! below the vanadyl band in the spectrum of the delocalized case (V4O10 1. 
The vanadyl modes are not affected by the electron localization and therefore their 
position and width remain nearly unchanged. Comparison with the experimental IR 
spectra confirms the general predictions of the B3LYP model, in particular the 
pronounced, qualitative changes on electron localization when the size of the cluster 
is Increased. 

Figure 18 shows not only the B3LYP results discussed so far, but also results of 
DFT calculations that employ the BLYP [69, 70] and BHLYP [70, 71] functionals. The 
increasing admixture of Fock exchange (0%, 20%, and 50%) in BLYP, B3LYP, and 
BHLYP, respectively, leads to an increasing tendency for symmetry-breaking [67, 68, 
72, 73]. BHLYP (right column in Fig. 18) yields localization of the unpaired electron 
for all three cage-type anions, also for V4Oj;o . Consequently, the BHLYP spectrum of 
V,O19 shows additional bands between 800 and 900cm^! that are absent in the 
experimental spectrum. In contrast, BLYP predicts delocalization of the unpaired 
electron for all three cage-type anions studied and C5, and D»; structures become the 
ground states of V6O,;5_ and VgO», , respectively. All three BLYP spectra do not 
show any band between 750 and Oat em". which is in clear contrast with the ex- 
perimental spectra of Neits and VgO.9 . In summary, Fig. 18 shows that only 
B3LYP reproduces correctly the transition from symmetric (delocalized) to broken- 
symmetry (localized) structures when passing from Vie to VgOjs in this series of 
(V205), cluster anions. 

This conclusion is further supported by single point CCSD(T) calculations that have 
been made on the BHLYP optimized structures [56]. They confirm that for Nato the 
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Figure 18: Experimental and simulated vibrational spectra of vanadium oxide cluster anions in the region of 
the V-O single and double bond stretch modes. IR-MPD spectra (left) of V4O10 (top), Neits (center), and 
Va" (bottom) were measured from 550 to 1175cm^! monitoring the dominant fragmentation channel, 
leading to formation of V4Og , V4Ojo , and Mate , respectively. Simulated spectra (right) were obtained 
from scaled harmonic frequencies and oscillator strengths employing the B3LYP, BLYP, and BHLYP 
functionals. The calculated stick spectra were convoluted with a Gaussian line function for better com- 
parison with the experiment. Gray shaded peaks indicate localization of the unpaired d-electron (see text). 


D», structure has a lower energy than the C, structure (33 kJ/mol compared to 7 kJ/mol 
with B3LYP), while for V6eOi5 the Cə, structure has a higher energy than the C; 
structure (9 kJ/mol compared to 10 kJ/mol with B3LYP). 


4.2.3.5. Mixed metal oxide clusters Advances with respect to cluster ion sources are 
aimed at a greater flexibility in producing the metal oxide species. Recently, the first IR- 
MPD spectra of mixed metal oxide clusters were measured (Fig. 19), using a dual laser 
dual metal target laser vaporization source [74]. Adding a second metal to clusters 
allows tailoring both the electronic and geometric structure of the cluster ion. The 
singly substituted TiV,_,O.” cluster anions, for example, can be used as models for the 
isoelectronic neutral, pure V,O. clusters. These experiments are aimed at eventually 
producing model systems in the gas-phase that simulate the metal oxide cluster-metal 
oxide support interaction. Another promising approach is the application of ion spray 
techniques to the production of gas-phase metal oxide ions from an aqueous solution of 
synthesized, complex metal oxide species, which opens the door to the efficient gas- 
phase production of a whole new series of metal oxide-containing species [75]. 
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Figure 19: Experimental IR-MPD spectra (left) and simulated IR spectra (right) of the mixed metal oxide 
cluster anions TiV4O;o , TiV5O;5 , and TiV;O», . 


4.3. Transition metal clusters 

Structural characterization of metallic clusters and of their complexes with small 
ligand molecules has greatly benefited from the introduction of the FEL as IR light 
source as well. Here, in particular, the far-IR spectroscopy has profited from the 
intensity of FELIX radiation in the long wavelength range, providing access to modes 
of low IR intensity, as for instance M-M vibrations. Additionally, the spectroscopy in 
the gas-phase allowed for the detection of low-frequency modes that in case of de- 
posited or embedded clusters are often covered by vibrational bands related to the 
substrate. 


4.3.1. Geometric structure and vibrational spectroscopy 

Until recently the determination of geometric structures of isolated transition metal 
clusters relied on rather indirect methods like the counting of adsorption sites on the 
surfaces of the clusters [76] or the interpretation of photoelectron spectra [77-79]. 
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Far-IR-PD spectroscopy together with the measurement of cluster ion mobilities [80] 
and electron diffraction of trapped cluster ions [81] has been developed and 
applied more recently to obtain direct structural information of transition metal clus- 
ters. Here the focus is on the IR spectroscopy of bare transition metal clusters con- 
taining typically less than 30 atoms in the gas-phase. Such small clusters have a 
discrete electronic level structure, but with growing size, a transition from molecular 
and insulator-like to the metallic behavior occurs [82]. The extended metals do not 
have a structured IR absorption spectrum due to the shielding of the incident elec- 
tromagnetic field by the free electron gas. As an alternative, collective vibrations, e.g., 
the optical active phonon modes, can be experimentally determined via inelastic 
neutron scattering [83]. 

In the past, vibrational properties of ligand-free metal clusters larger than the dimers 
have nearly exclusively been obtained via Raman spectroscopy on clusters deposited in 
low-temperature matrices. Small metal clusters have been grown directly in the matrix 
by co-deposition of atomic metal vapor and neon or argon atoms. However, this 
technique does not yield cluster size-specific spectra. The more recent development of 
mass-selective deposition of clusters into the matrix allows a more direct assignment of 
the size-specific vibrational spectrum. A comprehensive review on the vibrational 
properties of small metal clusters obtained by these and further methods, e.g., optical 
or photoelectron spectroscopy, has been given in 2002 by Lombardi and Davis [84]. At 
that time, vibrational properties were known for about 20 transition metal trimers; 
Ta4, Ags, Ag7, and Aggy were the only larger clusters sizes that had been characterized 
with mass selection. 

Even for stabilized forms of transition metal clusters, data for the far-IR and in 
particular data on the metal-metal vibrational modes are rather limited. There have 
been reports on the growth of metal clusters in zeolites detected via the appearance of 
bands in the far-IR that are assigned to metal cluster modes [85]. The field of the 
vibrational spectroscopy of ligand stabilized transition metal clusters in the range of 
the metal-metal vibrations has been reviewed in the past and will not be discussed 
here, and it is noted that, in any case, most of the available information is only on 
small dimeric systems [86, 87]. 

The introduction of the FEL for the spectroscopy of clusters in the mid- and far-IR 
spectral range has noticeably increased the number of transition metal clusters that has 
been studied and gives the possibility to obtain size-selective IR spectra of isolated 
clusters in the gas-phase. Furthermore, the gas-phase experiments permit the inves- 
tigations of species in different charge states (including neutral clusters), whereas, 
e.g., matrix isolation studies have been limited so far to the study of neutral metal 
clusters. 


4.3.2. Photodissociation using messenger atoms 

Similar to the studies on the vibrational properties of charged metal oxide clusters (see 
Sections 4.2.2 and 4.2.3), we obtain the IR spectra of free metal clusters in the gas- 
phase by resonance enhanced MPD spectroscopy. PD techniques have been exten- 
sively used before in the spectroscopy of metal clusters in the UV and visible spectral 
range. Direct PD of bare metal clusters has been applied to probe their electronic 
absorption spectra. However, only a few examples of the spectroscopy of transition 
metal clusters have been reported, e.g., for small copper clusters [88—90]. Direct PD 
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has found more application for the less strongly bound sl or s?p! metals [91-93]. 
Obviously, this method is limited by the height of the barrier for cluster dissociation 
with respect to the photon energy, at least as long as only single photon absorption 
processes are concerned. Transition metal clusters have rather high binding energies of 
typically 3—5 eV per atom [94]. In this case, the introduction of weakly bound spectator 
ligands that are vaporized off the cluster on excitation allows to study the absorption 
spectra of these more strongly bound systems and to extend the spectral range into the 
IR. The sensitivity toward thermal excitation of the cluster is particularly high when 
using physisorbed messengers, e.g., Nə molecules or rare gas atoms that have low 
binding energies toward the cluster. So far, UV, optical, and near-IR absorption 
spectra of neutral and charged transition metal clusters have been measured via the 
dissociation of such weakly bound complexes, but the unavailability of intense and 
tunable light sources in the far-IR prohibited an extension into the spectral range of 
the vibrational fundamentals of metal clusters. With an FEL as an intense light source, 
PD of rare gas complexes has been demonstrated to be possible down to below 
100 cm! where a single far-IR photon carries only a fraction of the binding energy of 
the rare gas atoms, which is on the order of ~1000 cm! for Ar. Therefore, PD even of 
rare gas complexes in the far-IR spectral range is an MPD process. 

The basic assumption behind the application of the messenger atom technique 
is that only the metal cluster acts as chromophore, while the weakly bound atomic 
or molecular ligand acts just as a messenger and does not perturb the structural 
properties of the cluster. This will be true for most transition metal clusters (exceptions 
are found for the late transition metals with completely filled d shells) complexed with 
rare gas atoms, since usually directional binding leads to significant barriers for iso- 
merization. Indeed, in the case of cationic vanadium clusters, the influence of the rare 
gas on the IR spectra has been found to be negligible [95]. Experimentally, it is found 
that for complexes of V^ with Ar, Kr or Xe, the band positions in the IR spectra are 
essentially identical. However, in complexes of a cluster with multiple argon atoms, 
slight blue shifts of the bands on the order of about 1-2cm7! per Ar atom can be 
observed. These shifts are most likely related to the mechanism of sequential MPD. 
With increasing number of ligands in the complex, it becomes easier to dissociate 
a single Ar atom because of the decreasing binding energy per ligand. Therefore, 
different internal energies are required to induce the dissociation process. At higher 
excitations, (cross-) anharmonicities that are important in the multiple photon ab- 
sorption process lead generally to a red-shift of the absorption bands and complexes 
with a single ligand that need a higher internal excitation to fragment will therefore 
exhibit the most pronounced red-shift of their absorption bands. 

The vibrational properties of small metal clusters, however, can be considerably 
influenced by the rare gas atoms. For example, the IR-MPD spectrum of neutral silver 
trimers obtained by dissociation of their Ar complexes shows two bands in the 
100—220 cm! range and corresponds to the spectrum of Ag; in its ^B; ground state, 
although a more complicated vibronic structure can be expected to be originating from 
the dynamical Jahn-Teller effect in Ag;. Here, binding of an Ar atom seems to lock 
Ag; in one of the Cy, structures. Additionally, the low-frequency mode of Ag; 
is observed to shift with increasing Ar coverage from 113cm”! for Ags-Ar to 
about 120cm ! for Agz-Ary, the value known for Ag; embedded in rare gas 
matrices [96]. 
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4.3.3. Vanadium and niobium clusters 

Mainly because of their relative ease of production and their favorable isotopic dis- 
tribution, vanadium and niobium clusters have been intensively experimentally studied 
in the past and this has caused an extensive follow-up of theoretical investigations. 
Currently, both systems (in particular niobium clusters) have been developed to some 
of the best studied metal cluster systems by both experiment and theory. They are pre- 
eminent examples for the size dependence of physical and chemical properties, e.g., 
niobium clusters exhibit dramatic cluster size-dependent changes in their electronic 
properties or in their reactivities toward H» or N>. Although several experiments, e.g., 
using photoelectron or optical spectroscopy, allowed for insights into the evolution of 
their electronic structures, the understanding of the geometric structures is still in- 
adequate. In the following, we will discuss new insights into the structural properties 
of vanadium and niobium clusters obtained by application of far-IR vibrational 
spectroscopy with FELIX in combination with theoretical studies. 


4.3.3.1. Cationic vanadium clusters For vanadium cluster cations NI in the size range 
of n = 3-23, the experimental far-IR spectra have been obtained via MPD of their 
argon complexes (Fig. 20). These far-IR spectra vary strongly with size and each 
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Figure 20: Far-IR MPD spectra of the argon complexes of cationic vanadium clusters. The spectra are 


measured in the range 140-580cm™, but signals are only found and displayed up to 450 cm™'. 
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cluster has its one individual "fingerprint" spectrum. Most spectra are relatively sim- 
ple and contain only a few absorption bands up to the size of n = 17. Generally, a low 
number of IR active modes is a sign of high symmetry of the corresponding species. 
Furthermore, it indicates that the number of isomers for a given cluster size must be 
low, or that there is only a single isomer formed under the conditions of cluster 
growth. The cluster containing 14 V atoms forms somehow an exception with a more 
complicated spectrum that may indicate a lower symmetry. 

More detailed structural information can be obtained by comparison with theory. 
For small vanadium cluster cations up to n = 15, density functional calculations have 
been performed employing the DMol? code. The PBE functional and numerical 
atomic orbitals have been used in these calculations. For Vg* the experimental IR 
spectrum and calculated IR spectra for the four lowest energy isomers of this cluster 
are compared in Fig. 21. Vg" is one of the smaller clusters that exhibits more details in 
its spectrum, but, is still small enough for accurate and reliable calculations. The 
isomer A with S = 1/2 is found to be the energetically lowest isomer. Good agreement 
between experimental and calculated IR spectra 1s achieved for isomer A and C that 
have the same underlying geometry, a doubly capped distorted tetragonal bipyramid. 
Isomer A has a doublet electronic state, while C is in a quartet state. For the higher 
energy isomer C, the agreement with the experimental spectrum is slightly better than 
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Figure 21: Comparison of the experimental IR spectrum of Va! with calculated IR absorption spectra of 
some isomers. The calculated spectra are folded with a Gaussian line shape function of 4cm ! width 
(FWHM). 
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Figure 22: Geometries of cationic vanadium clusters V} obtained by comparison of the experimental far-IR 
spectra with spectra for different isomers from DFT calculations. For n = 12 and 15, a clear distinction 
between the isomers shown could not be made. 


for the energy minimum. This could be an artifact of the DFT calculations that do not 
take into account the weakly bound Ar atoms. However, in test calculations on V3Ar ^ 
and V4Ar^ no significant influence of the Ar atoms has been found. Nevertheless, for 
other clusters attachment of Ar atoms can reverse the energetic order of different 
isomeric structures (see Section 4.2.3). For the clusters containing 4-15 atoms the most 
probable geometric structures that are identified from the comparison of the calcu- 
lated IR spectra of the isomers and the experimental spectrum for a given cluster size 
are shown in Fig. 22 [3, 97]. 

The bulk structure of vanadium is body centered cubic (bcc) with a shortest V-V 
distance of 2.63 A. The two optically active phonon modes are at 165cm ` (trans- 
versal) and 230 em" (longitudinal) [98]. All our spectra have signals in this range as 
well as up to a factor two higher frequency. Structural features of the small cluster can 
deviate significantly from elements of the bcc bulk structure. Whereas the distorted 
octahedral structure of Va" or the doubly capped octahedron of Vg’ can be con- 
sidered as parts of the bcc structure, other cluster sizes show completely different 
structural motives, e.g., a triply capped trigonal prism for V9* or a capped anti-cube 
structure for Vio’. For clusters with n= 7, 12, and 13, the spectra even indicate 
structures of (slightly distorted) fivefold symmetry. With growing cluster size, how- 
ever, the clusters develop properties similar to those of the bulk metal. In the electronic 
structure of anionic vanadium clusters similarities to the bulk have been found starting 
with the 13-atom cluster, where a band appears that has been assigned to a surface 
feature. A second bulk-like feature evolves starting with the 17-atom cluster. The 
interpretation of Wu et al. is that, in the range from n = 13 to 16, a transition from 
molecular-like to bulk-like behavior occurs and that already Vu: ^ possesses an inner 
structure similar to that of the bulk [79]. 
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In fact, in that size range, the vibrational spectra provide consistent evidence for 
such a structural transition. Small clusters have all atoms on their surface, but starting 
with the Ni" cluster one observes the appearance of vibrational bands at compar- 
atively high energies that are assigned by comparison with theory to vibrational modes 
involving motions of internal atoms. Accordingly, the transition from molecular-like 
to bulk-like behavior observed in the photoelectron spectra coincides with the ap- 
pearance of volume atoms. Also the vibrational spectra of the larger clusters signify an 
approach toward bulk-like geometric structures. For instance, for Vs", four bands 
are observed in the IR spectrum, which goes nicely along with the number of IR-active 
modes in a structure of O, symmetry. This isomer (left structure for Mis in Fig. 22) 
mimics already the bcc structure. The nearest metal-metal distances are calculated to 
be 2.39 À for Vis’, significantly shorter than the atomic distances in the bulk, 2.63 A. 
For smaller clusters the interatomic distances decrease even more, e.g., to a minimum 
distance of 2.26 A and an average bond length of 2.41 Å in Vg” and finally to 1.76 Ain 
the dimer [97]. The lowered coordination of the atoms within the cluster with respect 
to the bulk leads to an increase in the bond strength, that is expressed, e.g., in a high 
(vibrational) bond order [84]. 


4.3.3.2. Isomers of neutral niobium clusters Structure determination based on the 
vibrational spectra can become more complicated if the cluster formation process 
leads to a mixture of isomers of a cluster. In the case of cationic vanadium clusters 
there is no conclusive evidence for coexisting isomers, except possibly for Vu" [97]. 
This is quite different for, e.g., niobium clusters, where the presence of isomers has 
been found to be quite common for neutral as well as cationic clusters in the size range 
of n = 9-19. This coexistence of different isomeric structures has been experimentally 
revealed mainly via the investigation of the kinetics with reactant molecules like Ho, 
Nə or C2H4, where bi- or multiple-exponential reaction kinetics are interpreted as 
signatures for the presence of isomers with different reactivities [99-103]. 

A specific isomer can in principle be selected by making use of these differences in 
reactivities toward a reactant. If the unwanted isomers have a significantly higher 
reactivity they can be titrated away from the isomeric mixture. A following mass 
selection can separate the reaction products from the less reactive isomers. Another 
approach exploits differences in the IPs of neutral clusters. These differences can be 
considerable, i.e., on the order of several tenths of an eV. Using single photon ion- 
ization with tunable UV lasers it becomes possible to ionize the isomer with the lowest 
IP close to its ionization threshold without interference of the other isomer(s). The 
unwanted isomers remain in the mixture, but do not contribute to the mass spectro- 
metric signal. 

For neutral Nbs two isomers are known to coexist and it has been possible to obtain 
their isomer-specific far-IR spectra [104]. These spectra, together with a comparison of 
calculated spectra for different structures, are shown in Fig. 23. Incidentally, the two 
Nb; isomers have rather different IPs of 4.92 and 5.20 eV [105], which are both low- 
ered in the Ar complexes by about 0.07 eV. Therefore, ionization with UV photons of 
4.96 eV can be used to probe selectively only one isomer (isol). At higher UV photon 
energies the argon complexes of all isomers are ionized and the resulting vibrational 
spectrum corresponds to that of the mixture of isomers. Spectral information on the 
isomers with higher IPs can be extracted from the spectra of the isomeric mixtures. 
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Figure 23: Isomer-specific spectra of neutral Nby clusters. In (a) the spectrum of the single isomer isol is 
shown as measured via near-threshold ionization. The spectra in (b) are obtained by iterative subtractive 
deconvolution of the spectra of the NboAr,, complexes (n = 1-4). Calculated IR spectra for low energy 
isomers are plotted in the lowest panel (c). 


A detailed analysis of the MPD spectra of the NbyAr* complexes containing different 
numbers of Ar atoms n (n = 1-4) indicates that the spectrum of NbyAr" is mainly 
dominated by one isomer, while with increasing n the second isomer becomes more 
abundant. This can be explained by different affinities of the cluster isomers toward 
the Ar atoms. These particularities allow for an independent determination of the 
vibrational spectra of both isomers via subtractive deconvolution of the spectra of the 
NboAr, complexes. One of the resulting spectra nicely agrees with the spectrum ob- 
tained via selective ionization. A comparison with the calculated spectra for different 
low energy isomers leads to a rather definite structural assignment of isomer 1 to 
geometry B. This structure can be described as a non-planar hexagon with a dimer 
above and an atom below the hexagon. It is only 0.15eV higher in energy than the 
lowest energy structure, a triply capped trigonal prism. The structural assignment for 
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the second isomer is less certain. The comparison of the band positions suggests that 
isomer 2 may have structure A, although the IR intensities do not match. Further 
evidence for these structural assignments is derived from the calculation of the (ad- 
iabatic) ionization energies. We find values of 5.13 eV for structure A and 4.98 eV for 
structure B that are in good agreement with the experimental values. 


4.4. Complexes of transition metal clusters 

Metal clusters, or even strongly bound clusters in general, are often discussed as 
models for the surfaces of bulk materials. Obviously this comparison has its limita- 
tions, since in a cluster that contains typically less than 100 atoms, all or a dominant 
fraction of the atoms are located on the surface and the number of volume atoms is 
low. For bulk material, the reverse is generally true. Additionally, the coordination of 
metal atoms in a cluster can be very different compared to atoms within an extended 
metal surface and will be usually lower and less symmetric. Nevertheless, there exist 
striking parallels in the bonding of chemisorbed molecules to an extended metal sur- 
face and to metal clusters. Not only the similarities between ligand-covered metal 
clusters and adsorbates on surfaces but also the differences, e.g., in the coupling of 
vibrational modes of ligands or the effect of the quasi-continuous band structure of 
bulk metals, have been thoroughly discussed before [106]. 

In a slightly modified picture, free metal clusters in the gas-phase can be viewed as 
models for defect sites of an imperfect metal surface. Here, the basic idea is that an 
isolated cluster of known size and charge state could mimic the electronic or geometric 
properties of a defect site that in turn could coincide with an active site for a certain 
catalytic reaction. Thereby, studies of gas-phase clusters can help in the understanding 
of the mechanism of a heterogeneous catalytic reaction. For clusters bound to a 
substrate, the interaction with the substrate will change the electronic structure and 
geometry of a cluster on a surface in comparison to the gas-phase properties. How- 
ever, a comparison between free clusters having no interaction with a substrate and 
deposited clusters can give valuable insights into the cluster-substrate interaction. In 
the last part of this chapter we will show that complexes of free metal clusters can 
actually be used as reference systems for understanding the properties of metal clusters 
deposited on a substrate. 

The following discussion will be mainly restricted to complexes of transition metal 
clusters with a single or a few ligand molecules. Those systems can be viewed as models 
of adsorbate molecules interacting with a metal surface at low coverage. They are a 
closer representation of surface adsorbates than ligand-stabilized clusters, where a 
dominant fraction or even all of the metal atoms are bound directly to ligand mol- 
ecules. In the latter systems, the electronic and geometric structure of the metal cluster 
can be significantly altered through the ligand shell complicating a comparison with a 
(partly) covered metal surface. 


4.4.1. Developments in the vibrational spectroscopy of metal cluster complexes 

In the very first experiments, small metal cluster complexes have been synthesized in 
cryogenic matrices via co-condensation and annealing techniques and subsequently 
characterized by IR spectroscopy using either grating or FT-IR spectrometers. From 
the analysis of the concentration dependence of the spectral features, it is possible 
to get indications on the corresponding metal cluster sizes and the complex 
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stoichiometries [107]. By this means Moskovits has investigated the interaction of CO 
with small neutral Cu, Ni, and Pd clusters with n<4 [108—110]. Later, the vibrational 
spectra of some transition metal dimers complexed with CO [111, 112] or ethylene 
[113] have been reported by Andrews. CO complexes of slightly larger clusters of 
gold (n< 5) and lead (n € 4) grown in an Ar matrix have been studied by Jiang and Xu 
[114, 115]. Matrix isolation spectroscopy of cluster complexes has been improved by 
performing the complex formation in the matrix with initially mass-selected metal 
clusters [116—118]. For intensity reasons, most of the spectroscopic characterization of 
cluster complexes is performed in the spectral range of the internal ligand modes only, 
i.e., for CO ligands between 1600 and 2200 cm ^, and there is a lack of experimental 
data on the metal cluster modes. This, together with the usual presence of product 
mixtures and concomitant matrix effects, makes the assignment of spectral features to 
certain cluster species a challenging task and can lead to ambiguous conclusions. 

The development of spectroscopic techniques that couple vibrational spectroscopy 
with mass spectrometric detection made it possible to ensure the identity of the species 
under investigation. For instance, mass-selective IR-MPD with line-tunable CO; 
lasers has been used in the past to obtain IR spectral information for some metal 
cluster complexes in a limited spectral range around 10 um. A rather comprehensive 
overview of these studies has been given in a review on reactions of transition metal 
clusters by Knickelbein [119]. Although the accessible spectral range is rather limited, 
it includes the vibrational signatures of several relevant ligand molecules, e.g., C-O 
stretching or C-H deformation modes. Systems that have been investigated via IR- 
MPD using CO; lasers include, for instance, silver clusters complexed with ethylene or 
ethylene oxide [120], methanol or ethanol on coinage metal clusters [121—123], hy- 
drogen dissociatively adsorbed on iron clusters [124], or ammonia complexes of silver 
[14, 125] or iron clusters [126]. Remarkably, in most of these cases there are no 
indications for qualitative changes in the ligand-cluster interaction as a function of the 
cluster size. A particular exception is found for complexes of gold cluster cations with 
methanol molecules, where the C—O stretching vibration of the adsorbed methanol 
changes discontinuously with cluster size. This has been related to a 2D to 3D shape 
transition in the size region of n = 7-9 [123]. 

The recently developed technique of embedding species in superfluid helium droplets 
is a new and very promising variant of matrix isolation spectroscopy [127]. Complexes 
can be formed via pick-up of metal atoms and molecules from the gas-phase. These 
species are instantaneously thermalized to the temperature of the droplet (0.37 K for 
^He) resulting in a stabilization of complex structures that are not necessarily the 
thermodynamically most stable ones. The superfluid helium interacts only very weakly 
with the embedded species and any excitation 1s followed by the evaporation of a 
significant number of He atoms from the droplet. Absorption of photons by embedded 
species can be sensitively monitored, e.g., via bolometric detection of changes in the 
particle flux. First examples for the vibrational spectroscopy of metal cluster com- 
plexes within He nanodroplets have been reported [128-131]. 

Somehow complementary to the area of metal cluster complexes is the field of the 
complexes of atomic metals and their ions with one or multiple ligand molecules. Gas- 
phase experiments on cationic metal atom complexes have been lately addressed in a 
review by Duncan [132]. These systems often contain weakly bound ligands and in 
these cases dissociation can be induced using less powerful laser systems that are 
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tunable throughout the IR, e.g., optical parametric oscillators (OPO) or difference 
frequency mixing units. Using a similar technique, Weber et al. have studied anionic 
complexes of coinage metal atoms, i.e., AuCO.” and MH;OAr, (M=Cu, Ag, Au; 
n — 1, 2) [133, 134]. A discussion of the large body of matrix isolation experiments on 
such species is beyond the scope of this chapter. 

Vibrationally resolved UV photoelectron spectroscopy forms an alternative ap- 
proach to obtain vibrational properties for ligands bound to anionic metal clusters. 
For instance, Kim et al. have investigated O5 complexes of anionic Cu, Ag, and Au 
clusters [135, 136] as well as N; interacting with Nb or W clusters [137, 138]. The 
vibrational structure within the photoelectron spectra has been used to discriminate 
between dissociative and non-dissociative interaction of the diatomic ligands with the 
metal clusters. 

The first demonstration of IR-MPD spectroscopy of metal cluster-ligand complexes 
using an FEL has been performed on Ag,(NH;),, complexes [139]. For this system a 
direct comparison to data from IR-MPD experiments using a CO; laser could be 
made. The use of the FEL allowed extending the spectral range and accessing the 
vibrational modes also for complexes with deuterated ammonia. This initial study has 
been followed by experiments to investigate the interaction of single CO molecules 
with clusters of the late transition metals, i.e., Co, Rh, Ni [140-142], CO, and NO 
complexes of cationic and anionic Au clusters [143-145], and with water complexes of 
cationic vanadium clusters [146]. 

For cationic and anionic gold clusters, saturated complexes with CO have been 
produced and characterized via IR-MPD spectroscopy [143, 144] (Fig. 24). For these 
systems it has been possible to complement the spectroscopy in the range of the 
internal CO stretching modes by PD experiments in the far-IR to probe the Au-C 
stretching and Au-CO deformation modes. Indications on the structures are derived 
from a comparison of the stoichiometries of the saturated complexes with the numbers 
of available binding sites on the possible cluster geometries. The IR spectra are used to 
constrain and further strengthening of these structural assignments. For the saturated 
cationic gold carbonyls, planar structures are found for metal cluster sizes at least 
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Figure 24: IR-MPD spectrum of Aug(CO);" and its proposed structure. The observation of two bands in 
the v(CO) range is attributed to the presence of two types of distinct binding sites in Aug . An assignment of 
the bands in the low-frequency range of the spectrum is less unambiguous, since this range comprises both 
metal-ligand stretch and deformation modes. 
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up to n = 7 with the CO ligands binding only to low-coordinated gold atoms having 
less than five neighboring Au atoms [143]. 

In the following, a more focused discussion will be given on the properties of the CO 
complexes of rhodium clusters. 


4.4.2. Effects of cluster size and charge on the binding of CO to rhodium clusters 
An important aspect in the study of adsorbed CO molecules is the strong sensitivity of 
the frequency of the internal CO stretching vibration v(CO) toward (1) the electron 
density on the metal center and (ii) the binding geometry of the CO molecule. This 
sensitivity, and the large oscillator strength of CO ligands that allows for vibrational 
spectroscopy even at very low coverage, cause the wide usage of CO adsorbates for 
probing the properties of metal surfaces or of finely dispersed metals via v(CO) [147]. 
The bonding of CO to transition metal atoms is commonly described in terms of the 
Blyholder model of M<C o donation and MC m backbonding [148]. The two 
corresponding natural bond orbitals with M-C binding character for the Rh-CO 
complex, together with an MO scheme of the carbon monoxide molecule are depicted 
in Fig. 25. The backbonding is an interaction of (partially) filled M(8) orbitals with the 
empty CO(2z) orbitals that are of antibonding character and relates the CO bond 
strength to the occupancy of the M(6) orbitals. This leads to a dependence of the CO 
bond strength, and thereby the v(CO) frequency, on the charge on the metal center. 
Analogously, the interaction of a CO molecule with multiple metal atoms leads to 
a more efficient M >C x back donation and significant weakening of the CO bond, 
typically leading to a decrease of the v(CO) frequency by 100—150 cm7" per additional 
metal-C bond. These typical shifts in the v(CO) frequency allow identification of 
the presence of CO ligands in atop (u'), bridging (u^, or capping (u°) configuration. 
A pronounced cluster size dependence in the binding geometry of CO is found 
for single CO molecules bound to rhodium cluster cations, neutrals, or anions (Fig. 26) 
[141]. 
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Figure 25: Left: Qualitative MO scheme of CO and plots of the natural bond orbitals in RhCO with M-C 
binding character. Right: Observed charge dependence of the position of the v(CO) band for RhgCO */”, 
The influence of the ionic charge can be understood via the amount of back-donation into antibonding 2r 
orbitals of the CO that increases from the cation to the anion. Hence the internal CO bond weakens leading 
to a shift of the v(CO) band to lower wavenumbers. 
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Figure 26: Left: Examples for different binding geometries of CO, coordinating to a single (ul). two (p^, or 
three (u°) metal atoms. Right: (CO) bands of Rh,CO* complexes. Starting from n = 5j! binding CO is 
always observed, whereas for smaller clusters CO is found to bind in a u? (n = 3) or u? (n = 4) geometry. For 
n = 7 isomers with ul and VC bound CO coexist. 


In the gas-phase, metal cluster complexes can be prepared in different charge states 
and the charge dependence of v(CO) is directly observable (Fig. 25). The charge and 
cluster size dependence of v(CO) can be simply modeled. To model the M>C a 
backbonding it is assumed that the occupancy P(2r) of the CO(2n) orbital depends on 
the fraction of the total cluster charge z that resides on the metal atom to which the 
CO binds. This fraction is inversely proportional to the number of surface atoms ng in 
the cluster: 


POT) = Pen), z^ (4) 


If one includes the minor contribution Avgs due to the electrostatic interaction of a 
charged metal cluster with the dipole of the CO molecule, this leads to a stretching 
frequency of 


/ 


(CO) = voo + Aves + = (5) 
S 


— 


for CO adsorbed on a charged cluster. For large clusters, ng is proportional to ai": in 
small clusters one can estimate ns by comparison with known cluster structures. More 
details and a more rigorous derivation of Eq. (5) are given in Ref. [142]. The exper- 
imentally determined dependence of the v(CO) frequency in Rh,CO * 7 complexes 
containing up to more than 30 Rh atoms on charge and size is shown in Fig. 27. In this 
plot, only the data for u! bound CO complexes are included. The solid lines in Fig. 27 
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Figure 27: Size and charge dependence of the v(CO) stretch frequency of u! bound CO in the mono-carbonyl 
complexes of rhodium clusters. Open symbols are used for the atomic complexes (values from Ref. [156]). 
The grey band marks the range of the values reported for v(CO) on rhodium surfaces. 


are obtained from the model described above that accounts for the influence of a 
diluted charge on the amount of back-donation and that includes also the electrostatic 
interaction between the charge and the CO dipole, whereas the dashed line shows the 
electrostatic effect only. The model successfully describes the size dependence of v(CO) 
for the CO complexes of rhodium, cobalt, and nickel clusters. However, in the cases of 
the charged clusters the asymptotic values v, (CO) for n oo do not exactly coincide 
with the values for neutral clusters. This may indicate that the charge is partially 
localized at the binding site. Furthermore, the v(CO) values for the neutral clusters and 
the asymptotic values v,,(CO) are significantly below the values of v(CO) found for 
CO adsorbed on extended surfaces (low coverage limit). This is probably related to the 
lower coordination of the cluster atoms compared to an extended surface. 

The vibrational data for CO adsorbed on free clusters in the gas-phase can be com- 
pared to vibrational data of CO adsorbates at clusters on a substrate to assess the 
electron density on the deposited metal particles. Hence, quantitative information on the 
charge transfer between metal cluster and substrate, e.g., from defect centers, can be 
derived. However, in such a comparison one has to be aware that structures of deposited 
clusters can be different from those in the gas-phase and that, because of a strong 
dependence of v(CO) on the surface coverage, a comparison can only be made for 
similar coverages, i.e., at the low coverage limit. Additionally, the CO adsorption itself 
may induce changes in the charge distribution between metal and support [149]. For 
deposited Rh clusters on a highly ordered Al50; film [150] the comparison with the gas- 
phase data indicates a significant positive charging of the deposited clusters by about 
+0.4 to +0.6e [141] (Fig. 28). Similar reasoning has been used to assess the charging of 
small gold clusters deposited on defect-rich or defect-free MgO substrates [144]. 
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Figure 28: Effect of charge on the v(CO) stretch frequency of u! bound CO in small rhodium cluster-CO 
complexes. The horizontal line indicates the observed v(CO) value of 2000cm^! for CO adsorbed on 
deposited clusters of similar size on highly ordered Al,O3 [150]. 


5. SUMMARY AND CONCLUSIONS 


IR-REMPI and IR-MPD using the intense and tunable radiation from an IR-FEL can 
be applied to obtain unique spectroscopic information on mass-selected particles in 
molecular beams or ion traps. The new experimental data on the vibrational properties 
contribute to a better understanding of the physical and chemical properties of metal- 
containing clusters and to a better insight into the evolution of these properties with 
cluster size. The technique can be extended to chemically relevant cluster-adsorbate 
systems and enables a detailed study of the influence of the cluster structure on the 
chemical properties, as well as of the effect of the adsorbates on the internal cluster 
structure. 

IR-REMPI studies are particularly useful to follow the evolution of structural prop- 
erties with cluster size for larger, neutral clusters that are strongly bound. IR-MPD, on 
the other hand, is a more generally applicable technique to study clusters, both neutral 
and ionic. In combination with vibrational frequencies from electronic structure cal- 
culations IR-MPD can be used to characterize the geometric structure of individual 
clusters. IR-PD spectra with the highest detail are obtained using the messenger atom 
technique in combination with mass selection of both parent and fragment ions. How- 
ever, when heavier messenger species like Ar atoms are used their perturbation in some 
cases is significant and has to be accounted for in the calculations. 

The IR spectroscopy of metal-containing clusters remains to be one of the most active 
research areas at FELIX. Even though significant progress has been made in generating 
tunable IR laser in the mid-IR region using table top systems [151—154] in the recent 
years, experiments that require higher pulse energies, like IR-REMPI and IR-MPD, 
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and/or experiments that require photon energies below ~500cm' still need to be per- 
formed using an IR-FEL today. For the near future, intracavity experiments are 
planned at FELIX extending the upper limit for the photon flux by two orders of 
magnitude [155], which may allow for a whole new class of experiments. Finally, im- 
provements in cluster production, namely with respect to increasing the control over the 
cluster composition and structure, will be crucial in addressing ever more specific ques- 
tions related to the interplay between the cluster composition, structure, and reactivity. 


NOTE 


1. FELIX is located at the FOM Institute for Plasmaphysics “Rijnhuizen” in Nieuwegein, 
The Netherlands. For more details see http://www.rijnh.nl/n4/n3/f1234.htm. 
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Chapter 9 


Trapped ion electron diffraction: structural evolution of silver and gold 
clusters 


Joel H. Parks" and Xiaopeng Xing 


Rowland Institute at Harvard, Cambridge, MA 02142, USA 


“Tn order for physics to be useful to other sciences in a theoretical way, other than in the invention of 
instruments, the science in question must supply to the physicist a description of the object in the 
physicist's language ... .... In order for physical theory to be of any use, we must know where the 
atoms are located." 

R.P. Feynman 


1. INTRODUCTION 


The size-dependent evolutions of the structures and physical and chemical properties 
of finite nanoscale materials aggregates have been the subjects of continuing basic and 
applied research interests. The study of small metal clusters has made extensive con- 
tributions to understanding the size-dependent, many-body character of nanoscale 
physics and chemistry. Metal clusters provide the unique opportunity to extend this 
research to determine how properties evolve as the number of atoms in the cluster 
increases. Important examples which have increased our appreciation of the different 
forms in which size dependence is manifest include measurements and calculations of 
metal cluster melting [1, 2], the transition of planar to three-dimensional (3D) struc- 
tures [3, 4] and the reactivity of gold cluster nanocatalysts [5, 6]. 

Structure determination is one of the outstanding challenges of cluster science, and it 
has been approached in several ways. Direct structural determination via analysis of 
diffraction measurements is most desirable. However, such a methodology was not 
practiced because of technical difficulties, and consequently, one resorted to indirect 
methods, mostly through theoretical analysis of photoelectron spectroscopic (PES) 
data [7-10]. Diffraction measurements provide the only direct comparison with the- 
oretical calculations insofar as the patterns are the Fourier transform of the pair 
correlation function, and thus are directly related to atomic positions. Electron 
diffraction probes the interference of electron scattering between all pairs of atoms, 
and thus intrinsically depends on the specific position of every atom in the structure. 
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We remark that the term “direct structural determination method" is used here 
to signify a method that is based on a diffraction process, and to distinguish such 
method from those that while measuring properties that are structure-sensitive (for 
example, electron spectroscopy) are not based on scattering and/or diffraction from 
the atomic constituents. This does not imply that in a direct structural determination 
method further analysis of the data, including comparisons between the measured 
diffraction patterns and those calculated for theoretically optimized structures, is not 
required in order to fully determine the atomic arrangement. In fact, it will be shown 
in Section 3 that each cluster size requires the calculation of 6-10 low-energy isomers 
to ensure a correlation between diffraction data and calculated low-energy structures 
is achieved. 

Trapped ion electron diffraction (TIED) is a technique which was developed in our 
laboratory in 1999 to provide a direct measurement of the dependence of cluster 
structure on size and temperature. Debye first proposed gas-phase diffraction meas- 
urements in 1915 [11] and performed X-ray diffraction of carbon tetrachloride in 
1929 [12]. In 1930, Wierl performed gas-phase diffraction using mono-energetic 
electron beams [13] providing increased sensitivity and greatly reduced exposure 
times. Electron diffraction measurements were initially performed [14—17] on neutral 
cluster beams emitted by supersonic expansion sources with broad cluster size 
distributions and uncertain internal energy distributions. Since the total beam 
flux was required for diffraction measurements, the uncertainties in cluster size and 
internal energy prevented an unambiguous interpretation of electron diffrac- 
tion patterns. An exception to these limitations was the diffraction measurements 
on neutral beams of Cen and C; clusters [18]. Clearly, such beam diffraction exper- 
iments were not capable of rigorously investigating the size dependence of cluster 
structures. 

Storing cluster ions in a quadrupole ion trap [19] provided a capability to take 
advantage of cluster source technologies to avoid the shortcomings of beam meas- 
urements. As demonstrated initially for Ceo clusters [20], the ion trap enables one to 
accumulate size-selected clusters, collisionally relax the vibrational energy distribution 
and expose the clusters to an electron beam for a sufficient time to perform electron 
diffraction measurements. This can lead to a more controlled investigation of quan- 
tum size effects which serve to probe the structural transitions as the clusters evolve 
from molecular to bulk behavior. Diffraction techniques have been shown to be par- 
ticularly sensitive to the measurement of size-dependent changes in structural sym- 
metry for (CsI)„Cs" clusters, 30<n<39 [21]. Quite recently, TIED measurements of 
mass-selected metal clusters have observed changes in local order of Ag}, 36<n<46, 
55 [22], and structural transitions in Au,, 11 &n«24 [23]. 

This chapter presents a description of the research performed in our laboratory to 
develop TIED methods and its application to measurements of structural transitions 
in metal clusters. It is beyond the scope to treat the apparatus and techniques of gas- 
phase diffraction, quadrupole ion traps, cluster sources and ion beams in detail; 
however, the unique role of each technology will be described. Similarly, theoretical 
calculations of cluster structural isomers performed by our collaborators will not be 
discussed in depth, but ample references will be included. Section 2 will present TIED 
experimental methods and analysis, and diffraction results obtained for silver clusters 
and gold clusters will be reviewed in Section 3. 
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2. METHODS OF TRAPPED ION ELECTRON DIFFRACTION 


2.1. Diffraction apparatus 

The TIED diffraction apparatus described in this section represents our current 
measurement technology which includes many improvements since the first measure- 
ments [20]. The current measurement capability and source stability allow experiments 
to study metal clusters over the size range of 10-100 atoms at temperatures between 90 
and 600 K. Design of the TIED apparatus considered the constraints introduced by 
cluster sources and the requirements necessary to study clusters of a specific size and 
vibrational temperature. Cluster sources emit a beam composed of a distribution of 
cluster sizes and internal energies. The quadrupole ion trap was chosen as a technology 
which enabled the accumulation of size-selected clusters, the ability to relax the 
vibrational energy distribution via collisions with a background gas, and to store the 
size-selected clusters in a small cloud for an adequate time to perform electron 
diffraction measurements. The reliability and utility of TIED depends on avoiding the 
deleterious effects of inelastic scattering, minimizing the background electron scatter- 
ing, achieving and maintaining alignment of the electron beam, designing cluster 
sources with sufficient stability to take data over >4h and an understanding of 
the operation and limitations of ion traps. An overall schematic of the diffraction 
apparatus is shown in Fig. 1, identifying the primary components including cluster 
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Figure 1: The electron diffraction instrument consists of three main components: the UHV chamber housing 
the diffraction beamline, the TOFMS and the sputter-aggregation cluster source. 


380 JOEL H. PARKS AND XIAOPENG XING 


source, time-of-flight mass spectrometer (TOFMS), electron gun, UHV trap chamber 
and charge-coupled device (CCD) camera. 


2.1.1. Cluster ion and diffraction beamlines 

Several different cluster ion sources have been used depending on the particular cluster 
materials being studied. For neutral beam diffraction measurements, an effusive Cen 
beam was emitted by a Knudsen oven, and for trapped Cen measurements [20], ions 
were loaded into the trap by in situ ionization with a low-energy electron gun. Cluster 
ions of (CsI),Cs* [21] were produced by a gas aggregation source [24] in which ions 
are produced by a current-stabilized discharge above the aperture of the CsI oven. The 
metal cluster source for Ag? [22] and Au, [23] includes a liquid nitrogen cooled 
aggregation tube enclosing a magnetron sputter discharge similar to that designed by 
the Haberland group [25]. 

In the current apparatus configuration shown in Fig. 1, the cluster ion beam emitted 
by the source enters an electrostatic quadrupole bender [26] which directs the beam 
either to a TOFMS or to the diffraction beamline. The Im TOFMS accelerates the 
deflected 1ons parallel to the axis using a McLaren [27] lens design. The TOFMS has 
sufficient resolution to optimize the cluster source parameters so that ion beam 
intensity can be peaked within a cluster size range of interest. The optimized beam is 
then deflected towards the diffraction beamline to load ions into the trap. 

The individual components of the diffraction beamline apparatus are shown sche- 
matically in Fig. 2. All beamline components are fabricated from non-magnetic ma- 
terials (copper, titanium, ceramics) where possible and a p-metal! M shield eliminates 
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Figure 2: Components of the diffraction beamline mounted on rods to maintain a cylindrical symmetry 
around the electron beam axis. The e-beam passes through the trapped ion cloud producing scattered 
electrons indicated by off-axis lines. The primary beam enters the Faraday cup and scattered electrons strike 
a multi-channel plate detector producing the diffraction pattern on a phosphor screen. This screen is imaged 
by a CCD camera mounted external to the UHV chamber. 
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stray earth magnetic fields over the entire diffraction beamline to eliminate misalign- 
ment of the electron beam. As shown in Fig. 2, the small bender (ABB Extrel), 
channeltron ion detector (Burle Electrooptics), ion trap, Faraday cup and micro- 
channel plate (MCP)/phosphor screen detector (Burle Electrooptics) are all mounted 
on a structure composed of three 12.5mm diameter titanium rods to maintain 
cylindrical symmetry around the electron beam axis. The detection distance from the 
trap center to the microchannel plate surface can be varied from ~8 to 12cm. The 
three alignment rods are fitted to the electron gun structure and are maintained par- 
allel to the e-beam by mounting the far end to the chamber flange as shown in Fig. 2. 


2.1.2. Electron background 

The electron gun (Kimball Physics) provides a near collimated e-beam having a cur- 
rent of i.p~0.6—1 pA and electron energy of 40.0 keV. The e-beam traverses the trap 
through apertures in the grounded endcap electrodes and is gently focused into the 
Faraday cup. Considerable care is taken to design these apertures to avoid scattering 
from the e-beam and also X-rays emitted by the gun. The e-beam alignment procedure 
images the beam through all components and then positions the Faraday cup to 
minimize detected background scattering. The Faraday cup is mounted on an X-Y 
translator to facilitate alignment. A primary effort during development of the TIED 
technique was directed towards minimizing the background electron scattering. The 
small number of trapped cluster ions and their low density (~10’ cm °) results in a low 
rate of elastic scattering relative to the incident electron beam current (710 ?), which 
makes the design and positioning of each component critically important. The lowest 
background electron scattering achieved was ie-back/ieb~3 x 10 5, which was measured 
by counting the rate of single electron events (i..pack) detected at reduced e-beam 
current (i.p~2nA). This low level of background scattering was achieved by fabri- 
cating the Faraday cup in the form of a graphite tube of ~3 cm length and ^1 mm 
inner diameter. This design maximized the conversion of high-energy electrons to 
X-rays, which were then absorbed in the walls. The dominant noise contributions were 
from high-energy background electrons scattered from apertures and scattering from 
residual gases in the UHV chamber. The UHV chamber achieves a base pressure of 
7-10 ? Torr and the pressure during diffraction measurements is « 10 ? Torr. 


2.1.3. Ion trap data sequence 

The ion trap design and operation 1s described more completely elsewhere [19]. The 
ion trap operates at an rf of 300 kHz with an endcap electrode spacing of 1 cm. Cluster 
ions are loaded into the trap by passing the cluster beam through a second electrostatic 
bender (ABB Extrel) which directs the 1ons into the trap through an aperture in the 
grounded endcap electrode. The enhanced loading efficiency [28] produced by this 
configuration generates ion clouds of ~10*ions. The ions are trapped in the presence 
of —10? Torr He gas, which serves to relax the clusters into stable trajectories. 
Figure 3 shows a TOF mass spectrum for Au, clusters and several mass spectra of 
trapped clusters obtained by resonantly ejecting the cluster ions into the channeltron 
ion detector shown in Fig. 2. Efficient mass selection of a single size from the broad 
range of cluster sizes entering the trap from the source, Fig. 3a, is achieved by first 
applying SWIFT resonant excitation [29, 30] during ion loading to trap a narrow 
range of ~4 cluster sizes shown in Fig. 3b. This reduces the ion-ion interactions 
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Figure 3: Mass spectra displaying (a) the detected TOF spectrum of cluster masses emitted by the source, (b) 
trapped cluster spectrum obtained by broadband SWIFT excitation and (c) subsequent isolation of a single 
cluster mass using narrowband SWIFT excitation. In this example, gold anions of size n — 20 (dashed line) 
have been isolated. The spectrum in (d) is obtained after annealing with optimum excitation and the inset 
indicates the result of excessive excitation amplitude. 


sufficiently to allow a second SWIFT excitation to reproducibly isolate the single mass 
of interest as in Fig. 3c. 

Storing the clusters for —5sec in He gas at pressure —10 ? Torr thermalizes the 
cluster vibrational and translational energies at the gas temperature [31]. The gas 
temperature is set by channeling the gas through the trap super structure which is 
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heated and held at a constant temperature by ceramic heaters or cooled directly by 
flowing liquid nitrogen. After evacuating the He background, the relaxed ion cloud is 
held at the trap parameter q- = 0.5 during the diffractive exposure. At this q, value, 
the ion cloud dimension is comparable to the e-beam diameter so that the overlapped 
ion cloud volume includes a large fraction of the 1ons. For the current trap design, 
ion-ion interactions for cluster numbers significantly greater than ~10* expand the 
beam, reducing density and cloud overlap with the e-beam. 

Annealing the trapped clusters increases the probability that the resulting structure 
has been relaxed to that of the lowest-energy isomer. We have found, however, that 
the degree to which annealing helps depends on the cluster material. Annealing has 
been performed by applying an external rf field (Vo j ~ 0.2 V) for ~100 msec resonant 
with the ion motion frequency to excite translational motion, which heats the clusters 
by translational to vibrational (T-V) transfer in collisions with a background Ne gas 
(710 ? Torr). After annealing, the cluster ensemble is cooled to the He gas temperature 
over ^-3—5 sec. Clusters prepared in this way minimize the effects of source parameters 
on the measured cluster structure. Figure 3d shows the mass spectrum after annealing 
Au»o for optimum excitation amplitude producing cluster heating with negligible dis- 
sociation. The mass spectrum inset in Fig. 3d displays ~50% dissociation resulting 
from excessive heating. 

A low-level SWIFT excitation is maintained during the diffraction exposure to 
eliminate possible fragments or multiply charged species produced by e-beam inelastic 
processes. This assures that the diffraction pattern is the result of the selected parent 
cluster ion. To identify these inelastic scattering processes, mass spectra were obtained 
after cluster exposure to the e-beam. Figure 4 shows mass spectra of trapped Au, and 
Au; clusters before and after e-beam exposure for several sizes. The primary inelastic 
process for Au, is loss of the attached electron and for Au; multiple ionization 
dominates. The rate of both inelastic processes increases with increasing cluster size. 
The fast electron interacts primarily with the electronic states of the cluster and that 
dissociation or fragmentation which can arise from vibrational excitation is not 
observed. Experiments have shown no evidence of the presence of cluster heating via 
these inelastic interactions. As a result of the loss of parent ions during the diffraction 
exposure by these inelastic processes, each diffraction exposure is limited to ~10—20 sec 
after which the trap is reloaded with a fresh ion cloud. A second identical trap sequence 
is taken immediately after the cluster exposure with the source electrostatically shut- 
tered to record a detector background. To summarize, each diffraction cycle is com- 
posed of ion loading, mass selection, vibrational relaxation, annealing, e-beam 
exposure, ion ejection and a second identical sequence to record a detector back- 
ground. In a typical experimental run over ~4—Sh, the diffraction pattern is collected 
for ~300-400 cycles representing an average of over ~3—4 x 10° mass-selected clusters. 


2.1.4. Detection 

The diffracted electrons are detected by a 25 mm diameter image quality MCP chevron 
detector which forms an image on the phosphor screen coupled to the MCP through a 
fiberoptic plate. A CCD camera (Photometrics) external to the UHV chamber images 
the pattern on the CCD pixel array (512 x 512). The front plate of the MCP chevron is 
biased with ——350 V to suppress detection of low-energy electrons formed by the 
e-beam. The diffraction pattern is in the form of Debye-Scherrer rings similar to 
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Figure 4: Mass spectra displaying the effect of inelastic electron scattering for selected gold cluster anions 
and cations of various sizes. Upper mass spectra (dashed lines) show the trapped ion mass before e-beam 
exposure. The lower mass spectra are obtained after exposure. 


powder diffraction as a result of the orientational and spatial disorder of the trapped 
cluster ions. The trapped ion cloud dimensions and 2mm endcap aperture allow 
detection of scattered electrons with a maximum scattering angle of +6-9° depending 
on the detector-trap distance. 

The individual pixelated CCD images obtained for each diffraction cycle form two 
16-bit unsigned arrays, a cluster diffraction image and a background image without 
clusters present. A difference image is obtained by subtracting the cluster and 
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Figure 5: (a) Schematic of the electron-cluster scattering geometry, identifying terms appearing in Eqs. (1) 
and (3). (b) The total scattering intensity vs. pixels is extracted from the CCD image by integrating about 
successive rings centered on the diffraction pattern (dashed) and separated by 1 pixel. 


background images and is stored for averaging. The average of these difference images 
(32 bit signed) displays the diffraction pattern used for cluster structure analysis as 
shown in Fig. 5. Although the difference image subtracts the electron background, the 
statistical fluctuations of the background remain and determine the signal-to-noise 
ratio, which is proportional to Nnozgiep,/t. Here N is the number of clusters, n the 
number of atoms per cluster, o, the elastic scattering cross-section, Ze the e-beam 
current and ¢ the total exposure time. The decrease in signal-to-noise ratio for larger 
scattering angles, 0, results from the rapid decrease in the scattering cross-section, 
c,"-l/(sin 0/2)*. 


2.2. Diffraction data 

2.2.1. Diffraction analysis 

This section briefly reviews gas-phase diffraction analysis and its application to fitting 
cluster data to theoretical structures [32-35]. The experimental data are fit to the total 
scattering intensity calculated from theoretical isomer structures to determine which 
isomer yields the best fit. This intensity, Jota, is approximated by a sum of the in- 
dependent scattering, Juden, from each cluster atom and molecular scattering, molec» 
resulting from the interference of elastic scattering from atomic pairs. Multiple scat- 
tering processes do not contribute significantly for clusters in the size range of 
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Figure 6: (a) An example fit of Eq. (1) to the total intensity data of Agss, (b) comparison of the reduced 
molecular scattering data, sM(s), to the theoretical scattering defined by Eq. (3) for the calculated structure 
of Agss. 


10-100 atoms and materials of interest. The data fitting analysis is shown schemat- 
ically in Figs. 5 and 6. 

The total elastic scattering from a cluster having N atoms with pair separations rj 
can be expressed by 


Th Th Th re Sij yf 
Trot (9) = aen ER Tel er) d sr; Pe p / | (1) 
j 
The data reduction extracts the molecular scattering contribution from the total scat- 


tering intensity by approximating the independent scattering contribution with a poly- 
nomial: 


Ife» = NFR (CS) = Nf) poly(s) (2) 


where fat is the atomic scattering amplitude and s the momentum transfer. The mo- 
mentum transfer is related to the scattering angle, 0, by s = (47//,)sin(0/2), as shown 
in Fig. 5a, where the incident momentum is kp = 2z/A4g, and Ap = 0.06A is the 
de Broglie wavelength for 40keV electron energy. As shown in Fig. 5b, the total 
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scattering intensity vs. CCD pixel value is extracted from the data by averaging the 
intensity pattern over successive rings of CCD pixels centered on the pattern and 
concentric with the e-beam axis. Pixel values are related to s by a scaling factor s. 
which is determined by the fit. The polynomial function contains terms up to s? and is 
slowly varying relative to the molecular scattering variations. The parameter d ac- 
counts for effects which might degrade the molecular scattering contribution such as 
finite resolution of the experimental ring pattern and is usually close to unity. 

The molecular scattering contribution contains an exponential factor to estimate the 
effects of temperature on the cluster structure. The mean squared vibrational ampli- 
tude, (i A. Is derived in the harmonic oscillator approximation [32] to estimate atomic 
vibrations and corresponds to the Debye-Waller factor associated with the scattering 
of phonon modes in solids. In Eq. (3), the mean square vibrational amplitude can be 
approximated by, (IC ~ I? [32], in which the single parameter, L, represents an av- 
erage over all atom pairs in the cluster. We have also used molecular dynamics (MD) 
simulations [36] to include vibrational effects in the theoretical structures. The DFT 
structures are used to initialize the simulations which are performed at the experiment 
temperature. A theoretical diffraction pattern, sM(s), was derived for each isomer 
from an average of the patterns calculated for ~10° atomic configurations determined 
by these simulations. The accuracy of this method to represent the effect of temper- 
ature on cluster structure clearly depends on the pseudopotential employed by the 
simulation. We have used this method only to represent cluster structures at temper- 
atures of ~120K at which anharmonic effects are not expected to contribute signifi- 
cantly. 

The reduced molecular scattering defined by 





Nfs N STi 


ij 
is useful to interpret diffraction patterns, since this form does not depend on absolute 
intensities or approximations in the theoretical calculation of fa The reduced mo- 
lecular scattering eliminates the large dynamical range of the total scattering, allowing 
the details of the diffraction interference structure to be observed and compared with 
experiment. 


pi A 
sMmeo(5) = jJ Tor ` A8 =s d Kë SIn Sry cos 3) 


2.2.2. Data fitting methods 

The fitting analysis of diffraction data to theoretical structures has a carried out by 
two equivalent methods. The total intensity in Eq. (1) pau be fit to IF* Ta by KE d, Sc, 
L and the polynomial coefficients to minimize 7? = 37 fe — [P? Hiel, Here 
the sum is over all data points and o; is the standard deviation of the ith Sis ring 
intensity. The result of such a weighted fit for Ags; is shown in Fig. 6a, which displays 
the intensity fit, residuals and the resulting background, fg. Figure 6b compares 
the reduced molecular intensity determined from the theoretical structure and 
the corresponding experimental sMexp(s) derived from the total intensity data by cal- 


culating: 


Ex 2 
dd (4) 


sMexp(s) = | CN 
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using the background fg determined by the total intensity fit. This method seems to do 
well for larger clusters for which the S/N is sufficient to determine the background 
polynomial with minimum uncertainty over the entire data range. 

A second fitting procedure can be performed by initially estimating the background 
polynomial by fitting Nf$ to the total intensity data. The reduced molecular intensity 
given by Eq. (3) is then calculated for each s value and this sM(s) data fit to Eq. (2) by 
varying d, Se and L. A new background is then determined by fixing d, s; and L in 
Eq. (2) to calculate a new background by varying the polynomial coefficients. This 
iterative procedure is extended until the fit converges. The difference between these 
two procedures is that fitting to the reduced molecular scattering involves varying fit 
parameters over a significantly reduced dynamic range. This procedure seems to 
determine better-fits for smaller clusters for which the S/N is minimal at the higher s 
values where the background cannot be determined with sufficient accuracy. It is 
important to mention that these fitting procedures are primarily used to identify the 
specific, calculated structural isomer which yields the best fit to the diffraction data. It 
has been found that the structural isomer identified in this way is independent of which 
fitting procedure is applied. 

There are cases for which a physical model might include several low-energy isomer 
structures. The theoretical model of the diffraction pattern was then composed of a 
sum of isomer contributions representing an ensemble of trapped clusters composed 
of a mixture of isomer structures. The fitting procedure varied the fractional contri- 
bution of each isomer structure in the sM(s) model to optimize the fit to experimental 
patterns. 

The weighted R-value [37] is calculated to characterize the goodness-of-fit between 
the theoretical, sM-1.0(8), and experimental, sMp,,(s), and is defined by 
So wi(sMT*° — far)? 


R= 
Y,wi6M} P)? 





(5) 


The sums are over all pixel rings, and the weighting factors are given by w; = 1/o/. 
The data for each cluster size were fit to all theoretical isomer structures calculated for 
that size. These fits were performed with both fit procedures described above and in 
each case the same isomer structure was identified as the best fit with weighted 
R-values in the range of 0.07-0.15. 


3. STRUCTURAL TRANSITIONS IN METAL CLUSTERS 


3.1. Silver cluster cations 

The first measurements of mass-selected metal clusters by TIED methods investigated 
the development of silver cluster cation structures over the size range 36-55 atoms. 
This range was chosen to gain a better understanding of how cluster structures evolve 
through intermediate sizes to achieve "magic number" structures composed of closed 
electronic or atomic shells. This size range includes two such closings, an octahedral 
atomic shell closing at Ag3s and an icosahedral atomic shell closing at Agss. These 
measurements [22] have indicated an evolution from short-range order among nearest 
neighbors having fivefold symmetry to a global order having icosahedral symmetry at 
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n — 55. A unique structure is observed at n — 38, which exhibits a distortion of fcc 
symmetry characterized by local order having fivefold symmetry. 


3.1.1. Experimental results 

The total scattering data for all sizes studied are displayed in Fig. 7. The total scat- 
tering intensity data in the range sz3.5-4 ÅT! are observed to change with cluster size 
although the overall characteristics are very similar. These changes will be shown to be 
consistent with an evolution of structures from those exhibiting local order having 
fivefold symmetry to a structure having global order with icosahedral symmetry at 
Agss. 

The reduced molecular scattering intensity, sM(s), extracted using an approximate 
background fit is shown in Fig. 8 for each cluster size. The diffraction data shown in 
Fig. 8 were obtained for unannealed clusters. The peak positions and the positions on 
the s axis at which the data have zero values (zero crossings) are observed in Fig. 8 to 
be nearly identical for each cluster size, suggesting a similar symmetry dominates in 
this size range. The diffraction patterns in Fig. 8 display a shoulder on the second 
positive peak near s ~ 5 À-!, which has been identified with the presence of fivefold 
symmetry [38, 39]. The upper panel in Fig. 9 defines the ratio, s5/s;, of the s values 
corresponding to the first two positive diffraction peaks as well as the ratio s,,/s, of s 
values for the shoulder on the second peak and the first positive peak. The value of 
these ratios were obtained from the sM(s) data in Fig. 8 for each cluster size and are 
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Figure 7: The total scattering intensity vs. s (A) is shown for all silver cluster sizes n = 36-46 and 55. 
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Figure 8: Experimental reduced molecular intensity sM(s) vs. s Ah is displayed for silver cluster sizes 
n = 36-46 and 55. The experimental data (black line) and uncertainty (+10, gray band) are shown for each 
cluster size. 


shown in the lower panel of Fig. 9. The average values of ratios s5/s; = 1.73 +0.02 and 
Ssn/sı = 1.93 +0.03 are in excellent agreement with those calculated for a structure 
having global icosahedral symmetry [39], for which s3/s, = 1. 71 and nn = 2.04. The 
doublet structure in the first negative peak near s ~ 3. 8 ÅT! is also characteristic of 
fivefold symmetry (as shown, for example, in C diffraction [20]) and is observed in 
Fig. 8 to become better resolved with increasing size. These changes in doublet 
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Figure 9: Ratios of peak positions (s1, s2) and shoulder (Ssn) indicated in the upper panel are obtained from 
sM(s) data displayed in Fig. 8. These data are compared with the ratios obtained for Ags; having Ih 
symmetry indicated by dashed lines. 


structure can be shown analytically to arise from increased interference as the fraction 
of Ag atoms having fivefold coordination increases. 


3.1.2. Analysis and discussion 

The presence of fivefold symmetry is clearly indicated by the diffraction patterns of 
Ag. clusters throughout the size range. Diffraction data were compared with theo- 
retical calculations of molecular diffraction patterns for cluster sizes n = 36-39, 43 and 
55 to understand how this symmetry is related to cluster structures. Structures for 
silver clusters were calculated by the research groups of Garzón and Michaelian at the 
Universidad Nacional Autónoma de México. For each size, a genetic algorithm [40] 
incorporating a many-body model potential [41] was used to perform a broad search 
of the structural phase space to identify an ensemble of the low-energy isomers 
occurring with high frequency. The structures of ~6-10 lowest-energy isomers cor- 
responding to minima of the potential energy landscape were further optimized by 
generalized gradient approximation (GGA) density functional calculations [42]. These 
calculations identified only two cluster sizes which possessed an isomer characterized 
by a global symmetry: truncated octahedral (fcc) at n — 38 and icosahedral (Ih) at 
n — 55, consistent with previous semi-empirical calculations [43, 44]. The calculated 
structures of all other isomers exhibited some degree of global asymmetry or disorder. 
The analysis of Ag" included vibrational effects in the theoretical structures by using 
the DFT structures to initialize MD simulations [36] performed at the experiment 
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temperature of 120 K. A theoretical diffraction pattern, sM(s), was derived for each 
isomer from an average of atomic configurations determined by these simulations. 

For structures lacking a global symmetry, it is highly desirable to assign a semi- 
quantitative measure to enable comparison and classification. The short-range order 
parameters, Or, were originally formulated for this purpose to describe metallic glasses 
and supercooled liquids [45]. These parameters were previously applied to characterize 
cluster structures derived from Monte Carlo calculations of a 38-atom Lennard-Jones 
cluster [46]. The short-range order parameter is formed from a set of spherical har- 
monics associated with every bond joining an atom to its nearest neighbors. The 
definition of the order parameter is 


1/2 
0, = Lë 2; IO, ) (6) 


where 


= 1 
Öm = rn A. Ymy py) (7) 


Fij «ro 


Here N, is the number of bonds having a length r; less than a nearest neighbor 
criterion ro, and the Y, is a spherical harmonic with 0; and p; — the polar and 
azimuthal angles of the bond direction with respect to an arbitrary coordinate system. 
After performing the sum over m, the Q, parameters become independent of the 
coordinate system used to define 0; and py. The nearest neighbor separation, 
TQ = 3. 5 A, was used for silver clusters. 

The order parameter for / = 6 indicates the importance of icosahedral symmetry [45] 
and is used here as a measure of the degree that fivefold symmetry is present in a cluster 
structure. Figure 10 displays the results of calculating Qs for all isomers calculated for 
each cluster size. The value Og = 0.104 was calculated for the lowest-energy isomer of 
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Figure 10: The calculated O, short-range order parameters are shown for all isomer structures (black 
squares) for each cluster size. Qs values for the best-fit structures are circled. The Qe values for fcc and 
icosahedral symmetries are indicated by dashed lines. 
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n — 55, which displayed global order having icosahedral symmetry and is shown in 
Fig. 10 by the upper dashed line. The average value of Qs for 72% of all the calculated 
isomers was (Q6) = 0.13 +0.03, indicating the general presence of structures charac- 
terized by local order having fivefold symmetry. Perhaps a more important result of 
this analysis is that (Qc) = 0.11 +0.01 for the best-fit structures of n = 36, 37, 39 and 43 
indicated by circles in Fig. 10. The value Qs = 0.57 found for the lowest-energy isomer 
of n = 38 is identical to the value of Qs calculated for fcc symmetry indicated by the 
upper dashed line in Fig. 10. However, the best-fit isomer structure of n — 38 has 
Qs = 0.18, which is consistent with the mixed symmetry discussed further below. This 
short-range order analysis of the calculated structures is in general agreement with the 
data analysis described by Fig. 9. These analyses suggest that the presence of local 
order having fivefold symmetry is a unifying characteristic of these cluster structures. 

The comparison of diffraction data with patterns calculated from several low-energy 
isomer structures 1s shown in Figs. 11-13. Annealing the clusters did not change the 
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Figure 11: Calculated isomer diffraction patterns of sM(s) vs. s (AT) for structures of Ag clusters with 
n — 36, 37 and 39 are shown (dotted curves). The energy (in eV) of the isomer above the ground state (GS) is 
shown to the right of each isomer diffraction pattern. The experimental diffraction sM(s) (black curve) along 
with the best-fit isomer (dotted curve) is shown in the bottom panel. The gray shading shows the data 
uncertainty +ø. The best-fit isomer structure is shown to the right of each fit. Local order in each fit 
structure is indicated by black and gray atoms. 
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Figure 12: Similar to Fig. 11 for diffraction data and isomer structures for Ag* clusters with n = 38. 


isomer structure that best fit the data, consequently the data presented here are for 
unannealed clusters. In the bottom panel, the experimental data are overlayed with the 
calculated sM(s) for the isomer structure producing the best fit. The best-fit structure 
for each size is shown beneath the plots. The fit uncertainty (+10) shown in gray 
includes the standard deviations of the raw data and of the background added in 
quadrature. The quality of these fits indicates close agreement between the data and 
theoretical structures, for which R-values were in the range 0.09-0.12. It is important 
to point out that only a single isomer made a significant contribution to the fits 
for sizes n — 36, 39, 43 and 55. A marginally better-fit was obtained for n — 37 by 
including a second isomer contributing ~30% to the isomer mixture. 

One of the more important elements of the fitting algorithm is a self-consistent 
determination of the normalized background scattering, (fg/N). The convergence of 
successive model fits for each isomer yields a refined background consistent with the 
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Figure 13: Similar to Fig. 11 for diffraction data and isomer structures for Ag} clusters with n = 43 and 55. 


optimum theoretical model. Performing these fits independently for each cluster size 
yields a set of background curves. It is important to point out that these background 
curves are expected to be very similar for all Ag cluster sizes. A master curve of (fg/N) 
vs. s formed by averaging the individual background curves is shown in Fig. 14 and 
indicates that estimates of the scattering background are identical to within a standard 
deviation of 49.795. This result ensures that the background extracted from each 
total scattering data set did not contribute to the evolving structure observed in the 
sM(s) patterns. 


3.1.2.1. Ag3s, Ag37 and Ag3ọ The best fits of diffraction data for these three cluster 
sizes are shown in Fig. 11 to correspond to structures dominated by local order having 
fivefold symmetry. Images of these structures shown at the bottom of Fig. 11 display a 
few of these locally ordered regions for each size. Note that the local order in the form 
of pentagonal bipyramids is primarily found among nearest neighbors residing on the 
outer surface of the cluster structure. The fivefold symmetry maximizes the number of 
nearest neighbor contacts yet can avoid the strain this symmetry normally introduces 
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Figure 14: The scattering background averaged over all Ag} fits, (f g/ N} p is plotted vs. s (A). The grey 
shading indicates the background uncertainty (+10) and the average uncertainty is indicated as (Omean) = 
+9.7%. 


as a result of the overall structural dissymmetry [47]. It is not clear why the calculated 
isomers only qualitatively describe the data obtained for Ag37 in the region near 
s=5A7}, although the zero crossings and relative peak intensities are reproduced by 
the calculated structure. The rapid variation in sM(s) near s = 5 ÅT! is observed only 
in the data for n = 37, and it is possible that calculations have simply not identified the 
correct structure. 


3.1.2.2. Agss Once again, the best-fit structure shows local order having fivefold 
symmetry concentrated in surface regions similar to the structures calculated for 
n = 36, 37 and 39. However, the best-fit structure at 0.15eV above the ground state 
displays clear evidence of the remnants of fcc symmetry for atoms within the outer 
shell. The best-fit structure for n = 38 shown to the right in Fig. 12 includes four 
slightly distorted inner atomic rows of 14 atoms. These correspond to the inner row 
structure of the truncated octahedral calculated for the n — 38 ground state (shown for 
comparison in Fig. 12) having fcc symmetry. This interesting mixture of symmetries 
arising at the octahedral shell closing probably is a result of the inherent structural 
stability associated with such “magic numbers". This can account for the slight di- 
vergence of the Qs value from the icosahedral limit displayed in Fig. 10. A similar 
situation was observed in diffraction measurements for (CsI),Cs" clusters at the bcc 
shell closing size of n — 32 [21]. The overall cluster structure displays a longer-range 
inversion symmetry about planes indicated by the dashed lines in Fig. 12. 


3.1.2.3. Aga; and Ag; The calculated best-fit structure for n = 43 shown at the bot- 
tom of Fig. 13 exhibits an ordered atomic arrangement similar to that of n = 55 over a 
large fraction of the 43 atoms. This accounts for the similarity observed in the 55 and 
43 sM(s) patterns shown in Fig. 8. At n — 55, global order having icosahedral Ih 
symmetry is observed characterizing the closed-shell structure. The global order 
observed for n — 55 is consistent with a high-symmetry structure indicated by PES 
[48] and also has been verified by TIED measurements performed in the Kappes 
group [49]. 
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3.1.3. Summary 

In summary, the present diffraction measurements have observed the structural 
evolution of Ag" in the range n = 36-55. In the region n «55, we have found that local 
order having fivefold symmetry dominates the cluster structures. Similar sM(s) 
patterns were observed in recent TIED measurements performed in the Kappes group 
[50]. With the exception of n = 38, which exhibits mixed fivefold-fcc symmetries, the 
O, order parameters calculated for the best-fit isomer structures show negligible size 
dependence. This indicates that the number of local fivefold symmetry sites within 
these structures 1s increasing with size leading up to the closed atomic structure at 
n — 55 having global order. 

The local fivefold symmetry does not result from the decoration of an inner 
icosahedral core of 13 atoms having Ih symmetry. Not a single isomer calculated for 
cluster sizes below n = 55, comprising a total of ~40 DFT optimized cluster struc- 
tures, contains an icosahedral core. The local order in these calculated structures 
becomes apparent only after an order analysis of the cluster structure. 

A question which motivates further measurements is whether the evolving character 
of Ag? structures derives from the closed-shell Ih symmetry of n = 55, or does local 
fivefold symmetry more generally arises in the structures of metal clusters? Investi- 
gations of disordered metal structures including metallic glasses and supercooled metal 
melts have observed [51, 52] and analyzed [39, 45] the presence of short-range order 
characterized by fivefold symmetry. Perhaps it is not surprising that these diffraction 
measurements have also observed such local symmetry in the structures of small metal 
clusters. 


3.2. Gold cluster anions 

We recently completed the first direct structural determination of gold structures, 
achieved through joint diffraction measurements and density functional calculations 
of gold cluster anions in the size range 11 <n<24 [23]. Through these investigations, 
we identify specific isomer structures and follow the remarkable structural transitions 
among different symmetries and forms. Our analysis shows clear evidence of a planar 
(2D) to 3D transition over the range n = 12-14, caged structures for n = 16 and 17, 
culminating in a tetrahedral structure at n = 20 and the appearance of a highly sym- 
metric tube-like structure at n — 24. These results are in general agreement with those 
obtained through recent indirect (PES/DFT) studies [10]. 


3.2.1. Experimental results 

The total scattering data for all Au, sizes are displayed in Fig. 15. The total scattering 
intensity data in the range s2:3.5-4 AC! change with cluster size. The molecular scat- 
tering intensity, sM(s), extracted by the data analysis is shown in Fig. 16 for each 
cluster size. The diffraction data shown in Fig. 16 were obtained for annealed clusters, 
which were found to be necessary to obtain reproducible diffraction data. The 
diffraction patterns in Fig. 16 show that the second positive peak near s~5 A 
changes significantly within this cluster size range. This peakshape and the relative 
peak amplitudes will be shown to be the dominant characteristics identifying the 
transitions between the various structural motifs identified within the size range 
n= 11-24. 
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Figure 15: The total scattering intensity vs. s (A) is shown for all Au, cluster sizes n= 11-21 and 24. 


3.2.2. Analysis and discussion 
The comparisons of diffraction data for annealed clusters with calculated structural 
isomers are shown in Figs. 17 and 18. For each cluster size, sM(s) patterns are cal- 
culated for each isomer structure. At the bottom, the experimental data are compared 
with the calculated sM(s) for the isomer structure producing the best fit. The exper- 
imental uncertainty shown includes only the standard deviations of the raw data. In 
several cases, the best fit diffraction pattern was derived by summing two patterns 
calculated for different isomeric structures. This sum of isomer contributions is as- 
sumed to represent an ensemble of trapped clusters composed of these structures. The 
fitting procedure varied the fractional contribution of each isomer structure in the 
sM(s) model to optimize the fit to the experimental patterns. The best-fit isomer 
structure(s) is shown at the lower right for each cluster size. 

Structures for gold clusters were calculated by Landman and Yoon at the Georgia 
Institute of Technology. The electronic and geometric structures of the gold cluster 
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Figure 16: Experimental reduced molecular intensity sM(s) vs. s (AN is displayed for Au, cluster sizes 
n = 11-21 and 24. The experimental data (black line) and uncertainty (+ lø, gray band) are shown for each 
cluster size. 


anions were obtained through the use of the Born-Oppenheimer (BO) local spin- 
density-functional (LSD) MD simulation method (BO-LSD-MD) [53], which was used 
as a tool for structural optimization via energy minimization using a conjugate- 
gradient-like technique. In the calculations, norm-conserving scalar relativistic pseu- 
dopotentials [54] were employed for the 5d'?6s! valence electrons of the gold atom, 
within the generalized gradient approximation (PBE/GGA) [55]. The Kohn-Sham 
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Figure 17: Calculated isomer diffraction patterns of sM(s) vs. s (A!) for structures of Au, clusters with 
11<n<16 are shown (dotted curves). The energy (in eV) of the isomer above the ground state (GS) is shown 
to the right of each isomer diffraction pattern. The experimental diffraction sM(s) (black curve) along with 
the best-fit isomer (dotted curve) is shown in the bottom panel. The gray shading shows the data uncertainty 
+o. The best-fit isomer structure is shown to the right of each fit. 


(KS) orbitals were expanded in a plane-wave basis with a 62 Ry kinetic energy cutoff. 
This approach has been used in numerous occasions previously and its feasibility and 
accuracy for gold has been well documented [4, 56, 57]. The BO-LSD-MD method is 
particularly suited for studies of finite charged systems because it does not employ a 
supercell (periodic replication of the atoms), thus allowing for accurate determination 
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Figure 18: Similar to Fig. 1 for diffraction data and isomer structures for Au, clusters with 17<n<21 and 
n= 24. 


of the total energy of both charged and neutral systems. All the clusters were relaxed 
fully without any symmetry constraints. A large number of initial structural candi- 
dates were used, but here we report only the few energetically low-lying isomers for 
each size, which are important in interpreting the experimental data. 

The data for each cluster size were fit to all theoretical isomer structures calculated 
for that size. These fits were performed with the two different algorithms discussed in 
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Section 2.2.2 and in each case the same isomer structure was identified as the best fit 
with weighted R-values [37] in the range of 0.07—0.15. In the cluster size range on 
which we focus in this study, the signal-to-noise ratio in the displayed diffraction 
patterns degrades after s~7 ÀT! and rapidly varying structure is a consequence of 
noise fluctuations and should be disregarded. 


3.2.2.1. AujrAujs In Fig. 17 we display calculated diffraction patterns for selected 
low-energy structures and the best fits for clusters in the size range Au, 11<n<15. 
Anionic gold clusters in this range have been the subject of theoretical [4, 58] and 
experimental [3] discoveries identifying the presence of large planar clusters. Exper- 
imental evidence for a transition from planar to 3D structures has been observed in 
measurements of cluster ion mobility [3] at » = 12 and photoelectron spectra [8] at 
n = 13. As indicated in Fig. 17, theory predicts many low-lying isomers within ~0.3 eV 
for each cluster size. In cases for which the diffraction patterns do not clearly differ- 
entiate a particular structural isomer, 1on mobility [3] and/or photoelectron measure- 
ments [8] can help to identify the most probable structure. Although different cluster 
sources can introduce uncertainty in the isomer distribution, it is nevertheless 
interesting to note cases in which the different measurements agree or are clearly 
inconsistent. 

The Au; diffraction pattern appears to be most consistent with the two lowest- 
energy 2D isomers. The mobility measurement identifies the ground-state structure 
(marked as 11G in Fig. 17). The Au diffraction pattern is best fit by a cluster 
ensemble composed of a mixture of two isomers: 54% planar ground state and 46% of 
121, which is the lowest 3D isomer. Both ion mobility and photoelectron measure- 
ments indicate an isomer mixture. This size appears to be the first departure from pure 
planar structure. The best fit of the Au: diffraction data also appears to arise from a 
mixture of structural isomers: 20% planar ground state and 80% of 13I (the lowest- 
energy 3D structure). Ion mobility observes a non-planar structure and also suggests 
the 3D isomer 13I, whereas the photoelectron results indicate the presence of an 
isomer mixture. For Aua, there is no evidence of a planar structure and the diffraction 
pattern is best fit by a single isomer, the lowest-energy 3D structure 141, in agreement 
with both mobility and photoelectron data. The diffraction pattern for Aujs is best fit 
by the higher lying isomer 15VI. The theoretical pattern is unique among the eight 
isomer patterns calculated for Au: providing support for this assignment (isomers II 
and III not shown). The photoelectron spectra suggest a mixture of the 15I and 15V 
isomers, which is inconsistent with the diffraction result. In summary, the above 
patterns depict a transition with cluster size from planar to 3D structures. The smooth 
nature of the transition is reflected by the occurrence of sets of closely-spaced-in- 
energy isomers for cluster sizes in the transition region (n = 12-14). 


3.2.2.2. Aujg—Auz, Calculated diffraction patterns for selected low-energy structures 
and the best fits for clusters in the size range Au, 16<n<21 are shown at the bottom 
of Fig. 17 (n = 16) and in Fig. 18. The diffraction pattern for Aujs is uniquely fit by 
the cage structure isomer 161 lying 0.08eV above the 2D ground state. Evidence for 
this cage structure has recently been observed in photoelectron measurements [9]. The 
diffraction pattern for Auj7 is fit equally well by the ground-state cage structure and a 
second low-energy isomer separated by only 0.06eV. However, the photoelectron 
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results [9] prefer the ground-state cage structure. The diffraction pattern for Aujg is 
best fit by the isomer 18I that lies only 0.02 eV above the ground state. The theoretical 
diffraction pattern for this fit is unique among the six isomer diffraction patterns 
calculated for Aujg, providing strong evidence for assigning the 18I structure. The 
photoelectron spectra suggest a mixture of the ground state and the 18IV isomer which 
is inconsistent with the diffraction result. 

The diffraction patterns observed for clusters in the size range n = 18-20 all exhibit 
a shoulder on the left side of the second peak, which is evidence for the presence of fcc 
symmetry (which is the bulk gold structure). This symmetry has been identified [7] for 
the tetrahedral structure of the Au»; ground state which gives the best fit to the 
diffraction pattern. The diffraction pattern for Aus; is also fit by a similar tetrahedral 
structure (the ground-state structure 19G) in which a single vertex atom is missing. 
The structure for Aujg, 181, which provides the best fit with the diffraction data is also 
related to the tetrahedral structure with atoms missing at two vertices and slight 
atomic displacements. However, with the addition of a single atom, that is for Au», 
the observed diffraction pattern changes in a radical fashion. Although there are 
several low-energy structures for Au5;, which display the presence of fcc symmetry, the 
best-fit structure is found to be isomer 21IV, an elongated cage. 


3.2.2.3. Aus; Figure 18 displays the calculated diffraction patterns for the low-energy 
structures of Auz; that present evidence for the emergence of an empty single wall tube- 
like structure [59]. Indeed, the best-fit structure is found to be the highly symmetric 
ground-state isomer, 24G, whose structure (shown in Fig. 19) is composed of three 
stacked six-member rings with the center one being hexagonal (green) and the other 
two having threefold symmetry (red). The outer six-member rings are each capped by 
a three-atom triangle (yellow) as shown in Fig. 19a. The commonality between the 
Aus, and Au; structures is also shown in Fig. 19b, where we note that both these low- 
energy structures contain 12 atoms with fivefold coordination and 12 (4 for Aus.) 
atoms with sixfold coordination. Figure 19b also indicates that the tubular structure of 
Au»54 may be viewed as obtained from the 16I isomeric structure Aue by replacing the 
bottom capping atom in the latter by a six-member ring, which is then capped by a 
triangle. The diffraction patterns for n = 16 (Fig. 17) and 24 (Fig. 18) are essentially 
identical and unique among all the patterns derived from the calculated isomers, both 
exhibiting a triangular second peak, which supports the structural assignments. 


24G n=16 





(a) (b) 


Figure 19: (a) The structure for n = 24 is shown in end-on and perspective views to emphasize the symmetry 
and planar aspects of the structure. (b) A comparison of the structures of gold cluster anions with n = 24 and 
16 atoms are shown. 
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3.2.3. Summary 

A series of unique structural transitions in gold anion clusters throughout the size 
range of n — 11—24 atoms has been observed. The identification of these structures has 
been accomplished through direct structural determination — that is, the comparison 
of electron diffraction data from trapped clusters with density functional calculations 
of structural isomers for each cluster size. These transitions exhibit changes in form 
and symmetry evolving from planar species at n = 11 to hollow cages, and finally to 
a highly symmetric, tube-like structure at n = 24 observed in these diffraction meas- 
urements for the first time. 

The rich array of size-dependent structural motifs described in this study is specific 
to gold clusters, and it is likely to originate from the relativistically enhanced 
s-d hybridization of gold bonding orbitals [4]. The determination of these cluster 
structures, achieved here through joint electron diffraction measurements and first- 
principles calculations, adds to the published plethora of gold structures [3, 4, 7-10, 
56—59]. Most importantly, the determination of these cluster structures is essential to 
an understanding of the size-dependent evolution of cluster properties, for example, 
assisting a more complete understanding of the mechanisms that control the chemical 
reactivity and catalytic activity of gold clusters [60]. 


4. OUTLOOK 


The TIED technology and analysis have been developed to a level that measurements 
of cluster diffraction can be performed reliably and reproducibly. The several technical 
interfaces between cluster source and ion trap, electron beam and diffraction beamline 
components, and ion trap and scattered electron detection have stable, workable 
solutions, which allow continuous operation over the long times required to accrue 
diffraction data. Experiments are somewhat lengthy, ~4h, but the computer tech- 
nology to control these interfaces and perform data acquisition is robust and requires 
relatively little tuning over these run times. It is encouraging that our instrument and 
the instrument built in the Kappes group reproduces measurements for similar clus- 
ters. This technology will continue to be extended to improve the S/N in order to 
measure clusters composed of lower atomic mass atoms and smaller size clusters and 
to reduce experimental run times. 

TIED measurements have been successfully extended to the measurement of metal 
cluster structures. The technique exhibits sufficient sensitivity to identify the presence of 
both local and global symmetries. The theorists have been exceptionally helpful to 
supply the structure calculations, which together with TIED measurements form the 
necessary combination to identify the evolution of structure with increasing cluster size. 
The measurements on Ag; and Au, clusters have reinforced several conclusions. Al- 
though the metal cluster calculations provide many low-energy structural isomers, it is 
remarkable that the best fits with data usually identify a single, or at most two, isomer 
structure independent of fitting procedure. The experimental identification of the 
unique, highly symmetric structure calculated for Auz4 and its similarity with the 
structure for Aujs are some of the more striking examples of TIED capability. In cases 
for which the best fit cannot differentiate between similar isomer structures, the 
diffraction pattern still serves the purpose to identify symmetries that are clearly absent. 
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There are several important areas of cluster physics and chemistry for which TIED 
measurements may lead to a deeper understanding. Nanocatalysis is a growing field 
with the possibilities to increase reactivity and perhaps reaction specificity. It would be 
particularly helpful to be able to identify the relationship, or correlation between 
structure and reactivity for gas-phase clusters. In this case, the utility of diffraction data 
to identify the calculated isomer structure of a gas-phase reactant may allow such a 
correlation to be discerned and related to catalytic processes. The temperature de- 
pendence of metal clusters is a property which has been investigated experimentally by 
measurements of cluster dissociation, mobility and calorimetry. However, the possi- 
bility to directly identify the change in cluster structure vs. temperature can be accom- 
plished by diffraction measurements. This will surely lead to one of the more interesting 
combinations of TIED technology and theoretical calculation in the near future. 
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1. INTRODUCTION 


Materials found in nature generally have atoms or molecules as the elementary build- 
ing units. Depending on the physical conditions such as density, and thermodynamic 
parameters such as temperature and pressure, these primitive building units arrange in 
different patterns and forms. For example, carbon forms graphite, diamond and 
amorphous carbon structures. The properties of these diverse arrangements are, how- 
ever, very different, indicating that the same building blocks, arranged differently, can 
lead to diverse material characteristics. One also observes that although the molecules 
are built from atoms, the properties of molecular solids can be completely different 
from those of elemental solids of constituent atoms. After all, the properties of table 
salt are totally unlike those of pure sodium or chlorine. One of the principal objectives 
of the research on atomic clusters is to incorporate both these principles into creating 
novel architectures, where designer clusters serve as the elementary blocks. Since the 
properties of clusters can be controlled by size and composition, and since the prop- 
erties of assemblies are governed by the overlying architecture of elementary motifs, 
such arrangements offer the unprecedented ability to design materials with tailored 
properties [1-11]. 

It is important to highlight that while isolated clusters are themselves stable, the 
cluster assemblies do not always constitute most stable forms of matter. Consequently, 
their existence cannot be foreseen in the conventional ways, such as stability in binary 
phase diagrams. The existence of non-equilibrium phases is, however, not without 
precedence. After all, amorphous metals obtained by fast quenching of liquid metals, 
while metastable, form practical materials [12]. While the most stable form of carbon 
is graphite, diamonds have existed forever. In the field of cluster assemblies, the 
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fullerides consisting of Ceo clusters joined by alkali atoms are now routinely generated 
[13] by vaporizing metal and carbon. Met-Cars consisting of 20-atom cages composed 
of 8 transition metal atoms and 12 carbon atoms have been assembled in films [14, 15]. 
While all these metastable materials are useful solids, their synthesis does require 
unconventional methods: ones that circumvent nature's path to thermodynamically 
stable forms of matter. The journey to these unconventional materials offering 
the possibility of tuning physical, chemical, electronic, magnetic and optical proper- 
ties [5, 6] therefore begins by identifying the prospective cluster building blocks 
that have interesting behaviours and maintain their identity in assemblies. The 
concept of superatoms [16-18] not only aims at identifying such species but also 
provides a general framework for classification of the potential cluster species into 
groups. 

We begin by briefly reviewing some earlier work on clusters that relates to the 
development of the concept. In 1984, Walter Knight and co-workers [19] generated 
sodium clusters by vaporizing the sodium and passing the vapour through a 
supersonic nozzle. A mass spectra of the generated clusters showed that clusters con- 
taining 2, 8, 18, 20, 40, 58... atoms were more prominent than other sizes (Fig. 1). 
These numbers were called magic numbers and experiments on other alkali metals 
revealed similar magic species, indicating that they were not specific to sodium. Since 
alkali atoms are monovalent, the prominence in the mass spectra could be due 
to either the electronic counts or other features such as special geometries at these 
sizes. That the observed phenomenon is primarily electronic was indicated by exper- 
iments that showed a drop in ionization potential at sizes corresponding to electronic 
count one above the magic species [20], and low values of electronic affinities at the 
magic sizes. Further experiments on the dissociation of clusters showed that the magic 
sizes were the favoured fragmentation products [21, 22] and that it required more 
energy to fragment magic species. All these observations indicated that (1) the magic 
clusters are very stable species and (2) their stability is probably rooted in electronic 
counts. Knight and co-workers also proposed [20] that the stability of magic clusters 
could be understood within a simple jellium picture. Since the concept of superatoms 
relies on the electronic structure and electron counts, we now consider this model in 
detail. 


Electronic Effects Geometric Effects 
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Figure 1: Global features determining the stability of metal clusters. 
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2. JELLIUM: TENETS, ELECTRON COUNTS AND ENERGETIC STABILITY 


The electronic structure of simple metals is usually described within a simple picture 
where the valence electrons form a nearly free electron gas weakly perturbed by the 
potential generated by the 1onic cores. In fact, the ionic potential is usually replaced by 
a pseudo-potential that is much weaker and whose lowest eigen states correspond to 
the valence states. Apart from simplifying electronic structure calculations, the 
replacement allows use of perturbation theories to describe the electronic structure 
and transport. Another pragmatic and simpler approximation along these lines is the 
jellium model where one ignores the lattice structure of the ionic cores altogether and 
replaces them by a uniform positive background. Ekardt [23] and Knight and co- 
workers [20] proposed a similar model for clusters where the cluster was replaced by a 
spherically symmetric potential well, with the positive charge density being uniform 
inside the sphere and zero outside. The electronic levels in such a potential well are 
characterized by a radial and angular momentum quantum numbers n and /, respec- 
tively, similar to the case of atoms. (Note that the potential has a different radial 
dependence in atoms and it leads to different combinations of n and /.) As in atoms, 
the magnetic quantum number takes values from -/, —/+ 1,..., 0,... /-1, /and the spin 
quantum number takes the two values of +1/2. In Fig. 2 we schematically show the 
one-electron levels in an H atom and those in a spherical jellium (the energy levels in 
the two systems are not inferred to be the same). 

Note the ordering 1s? 1p? 1d!? 2s? 1f! 2p... compared to 1s? 2s? 2p$ 3s? 3p* 3d'°... 
for the H atom. Fairly similar ordering of levels (except for higher energy levels) is 
obtained for harmonic, intermediate and square well forms of potential [20]. Inclusion 
of electron exchange correlation effects can be pursued by solving density functional 
equations for the background positive charge distribution. Theoretical studies [24] 
show that the electronic shell structure is maintained, even though the spacing between 
the shells can depend on the shape of the potential. The key message is that the 
electronic shell structure is a generic property of the confined nearly free electron gas. 
It is known that atomic and molecular systems with filled electronic shells and large 
gaps in the excitation spectrum exhibit enhanced stability. It was therefore natural to 
examine if the origin of magic numbers is rooted in the electronic shell structure. It was 
pointed out that the stable sizes at 2, 8, 18, 20, 34, 40,... indeed correspond to the 
electron counts that lead to filled electronic shells. The stability of clusters could thus 
be linked to the filling of the electronic shells. 


3. CLUSTER STABILITY, ELECTRONIC MARKERS AND SUPERATOMS 


While the electronic shell structure governs the stability at small sizes, experiments at 
larger sizes brought about another component to the stability. It was found that the 
clusters containing a few hundred atoms exhibited another set of magic numbers. As 
an example, Martin and co-workers [25] generated calcium clusters containing up to 
around 5000 atoms. The observed mass spectrum was characterized by a recurring set 
of 20 peaks. More interestingly, each complete set was found to correspond to the 
formation of one complete icosahedral shell of atoms with the set of 20 peaks each 
corresponding to completion on one of the triangular faces of the growing icosahedral 
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Figure 2: Energy levels in atoms and clusters. 


shell. Their experiments indicated that at large sizes the stability is dominated by the 
geometrical compactness of the clusters. Combined with the electronic origin of magic 
numbers at small sizes, the indication was that the stability of a cluster has an elec- 
tronic and a geometric component. While the electronic effects dominate at small sizes, 
the geometric compactness dominates at large sizes. This led Khanna and Jena [16] to 
propose that it should be possible to design very stable clusters by combining elec- 
tronic and geometric factors. To prove their assertion, they carried out theoretical 
studies on Al,3 and Al;5C clusters, which have geometrically compact structures, to 
investigate the effect of electron count on the stability. Since Al has 39 electrons 
while Al;2C has 40 electrons, they argued that the replacement of an Al in Alı; by C 
should enhance the stability. The theoretical studies indeed predicted an increase in 
binding energy by 4.4eV. They argued that by combining electronic and geometric 
factors, it should thus be possible to design very stable species that could serve as the 
building blocks of new materials. 

The existence of the electronic shells in a nearly free electron gas and their role in 
governing the stability raised the question whether stable clusters exhibit electronic 
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features much in the same way as atoms. Consider the case of Al that is trivalent. An 
Al;5 cluster has 39 valence electrons and would correspond to the level structure 1s? 
1p$ 1d? 2s? 1f! 2p? with one hole in the valence 2p shell. Does it have commonality 
with halogen atoms that also have a missing electron in their outer p-shell? Will filling 
of this hole lead to inert gas behaviour? Castleman and co-workers [26] examined the 
reactivity of Al, with oxygen in a flow reactor to examine the inert behaviour of Alj3 
and related species. While the details of their work are presented later, their studies 
really confirmed that although most clusters are etched away by oxygen, species such 
as Al, Alo; and Al37 remained intact. All these sizes correspond to magic numbers 
and correspond to systems with filled electronic shells much in the same way as inert 
gas atoms. This was an intriguing finding in view of the fact that bulk aluminium 
surfaces are highly susceptible to etching by oxygen. More importantly, the findings 
demonstrated that the electronic bands in clusters exhibit the same chemistry as atoms 
in the periodic chart. 

The possibility of designing stable species by combining electronic and geometric 
features and the demonstration that the chemical features of the clusters have com- 
monality with atoms in the periodic table were remarkable findings. The stage was set 
for SUPERATOMS, fairly stable species with well-defined chemical markers, mim- 
icking atoms of the periodic table and holding potential for making novel cluster 
motifs and eventually cluster assembled materials [17, 27—32]. 


4. ADDING A THIRD DIMENSION TO THE PERIODIC TABLE 


The findings that the stable species can be formed by varying size and the chemical 
significance of the electronic shells in the confined nearly free electron gas opened the 
possibility that superatoms mimicking atoms in the periodic table and constituting a 
third dimension to the periodic table could be synthesized. The designing and studying 
the properties of superatoms is an active subject in our groups, pursued in depth 
through a combination of experiment and first principles theory. 


4.1. Rare-gas mimics: creating a closed-shell system 

Our initial and key finding was that the Jellium model could be used to predict which 
species may be stable against reactive destruction based on their closed-shell electronic 
character. Alj3 became the model based on which other species were discovered 
[17, 29, 30, 33]. In terms of the Jellium model, this aluminium species is a closed-shell 
40-electron system that behaves as a rare-gas mimic; indeed in its ground state it has 
been found to be totally inert against etching by oxygen, as have other related closed- 
shell species such as Al; and Al37. By contrast, proximate species of higher mass 
readily undergo etching, which proceeds until a size is reached that forms these closed- 
shell clusters as terminal products. This is evident in Fig. 3, which shows the mass 
spectra of the unreacted and reacted aluminium clusters. The upper panel in the figure 
shows a typical nascent distribution, while the effects of increased etching are seen in 
the lower two panels. Not only are the magic peaks resistant to etching by oxygen, but 
they also are formed at the expense of the higher order unstable clusters that become 
successively etched. The experimental results, in combination with theoretical calcu- 
lations, showed that Alj3 is totally unreactive with oxygen and behaves effectively as a 
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Figure 3: Oxygen etching of aluminium clusters. Adapted from Ref. [9]. 


rare-gas mimic in accord with its closed electronic nature. These findings raised the 
question: if one species could mimic an atom, were there others? 


4.2. Superhalogen character 

During the course of studying the reactivity of aluminium clusters, the entire com- 
prehensive concept of superatoms suddenly unfolded. As mentioned before, an Al: 
has an electronic configuration of 1s? 1p? 1d!? 2s? 1f'* 2p? with one hole in the valence 
2p shell. This is similar to the case of halogen atoms that also have five electrons in 
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A. E. 2 33.58 eV 
A. E. A. 2 3.4 eV 


Figure 4: Geometries of Al: and Alt: clusters. Bond lengths are marked in A. AE is the atomization 
energy and A.E.A. is the adiabatic electron affinity. 


their valence p-shell. It was therefore tempting to probe if the properties of Al were 
similar to those of a halogen atom. Theoretical studies by Khanna and Jena [16] 
indicated that the cluster indeed had a high vertical electron affinity of around 3.7 eV 
that is more than the known values of 3.36eV for Br and 3.62eV for Cl. Figure 4 
shows the ground-state geometry of neutral Alz and Alj; along with its atomization 
energy and a calculated adiabatic electron affinity of 3.4eV. Experimental studies 
[34, 35] confirmed the theoretical prediction placing the vertical electron affinity to be 
3.75eV and an adiabatic electron affinity to be 3.57 eV. 

The superhalogen nature of Al: became particularly enlightening during our recent 
studies on its reactions with HI [17]. In particular, a very prominent species comprising 
All was detected to readily form. Theoretical studies revealed that the extra elec- 
tron charge was mostly localized at the aluminium cluster leaving the Al,3 core almost 
intact as in Alj5. This suggested an analogy to stable halogen dimer anions. In view of 
its electron affinity, Al;4 is somewhere between a bromine and a chlorine. Conse- 
quently, All is a mimic of the well-known ions, BrI and CII . Hence, the alu- 
minium cluster is indicated to be behaving as a superhalogen. This finding was 
remarkable as it showed that groups of aluminium atoms can display behaviours 
reminiscent of halogen atoms. 

However, the aforementioned is not the only evidence for this halogen-like nature of 
Alis. Further studies [29, 33] with I, in place of HI led to even more unexpected 
results. All: was found to be a prominent species, again with an analogy to well- 
known halogen species, namely Brl; or CH: The theoretically deduced charge dis- 
tribution is shown in Fig. 5. Again note that the aluminium 13-mer retains its integrity, 
and functions as a superhalogen. 

The biggest surprise came in studies made with high iodine concentrations (see Fig. 6). 
A multiple iodine sequence was first observed which, when etched with oxygen, revealed 
a stable distribution of iodized aluminium species, reminiscent of the polyhalide series 
well known in the condensed phase [29]. The dramatic odd-even intensity distributions 
seen in the figure are characteristics found in the condensed phase, and similar to 
expectations for Xl, anions that are very stable for n — odd, where X is also a halogen. 
One major difference compared to the condensed phase is the fact that the theoretical 
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Figure 5: Charge density of the highest occupied molecular orbital in Al,3Iy. Adapted from Ref. [33]. 


findings confirmed that the halogen atoms are individually bonded to the aluminium 
cluster-halogen mimic, and not as molecular iodine chains as in the case of polyiodides 
in the condensed phase. 

Theoretical studies have also been performed to investigate the possibility of com- 
bining Al}; with alkali atoms in order to build analogues of salts using superhalogens 
instead of halogen atoms. Studies on Al;3K indeed showed [9] that a stable molecule 
can be formed that is bound by ionic forces much in the same way as alkali halides. 
Figure 7 shows the ground-state geometry of AlısK that places the K at a hollow site 
on the surface of Al, The structure of Al: was found to remain almost intact during 
the formation of the molecule. Following the theoretical prediction, Bowen and co- 
workers [36] have recently synthesized this molecule in gas-phase experiments. Their 
measurements of the electron affinity and negative ion photoelectron spectra show 
that the cluster has all the hallmarks of a molecule bound by ionic forces, thus con- 
firming the theoretical prediction. 


4.3. An alkaline earth-like system 

Another surprising finding was that of a second cluster series, this one involving Alj4 
as a core, with bound 1odine atoms in an even-odd series with an exactly opposite 
odd-even trend to that seen for Alızl,. These species are also evident in Fig. 6. A 
significant aspect is that the series commences with Alj4L,, m = 3. Observation of the 
experimental trends and theoretical results shows that the aluminium core has taken 
on a valence of two character, revealing the formation of a cluster mimic of alkaline 
earth metal (see Fig. 8). With the calculated charge distribution, the remaining alu- 
minium core effectively takes on a 40-electron closed shell-like character. 
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Figure 6: Mass spectra of (A) Al; clusters, (B) Al with D, and (C) Al with I, and etched by O2. Adapted 
from Ref. [29]. 


4.4. Multivalence character 

Further evidence for the validity and broad applicability of the superatom concept 
comes from a recent observation that there are other cluster compositions which 
display multivalent character, showing, for example, that combinations of Al; with 
other atoms and molecules give rise to closed shells of 18, 20 and 22 electrons having 
concomitant variations in valences. Some examples include bonding of the anion to 
carbon, which gives rise to an 18-electron system. The prominent 7-mer cation is a 
20-electron species, while the bare anion has 22-electron character, and bonding to two 
halogens gives rise to a 20-electron superatom as well [37]. 
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Figure 8: Ground-state structure of an Alj4I5 cluster. 


There seems no limit in the ability to derive a full table of element mimics employing 
the superatom concept. 


5. INFLUENCING PROPERTIES: CREATION OF ACTIVE SITES AND 
EFFECTS ON REACTIVITY 


As we further considered the implications of the cluster distributions shown in Fig. 6, 
another interesting fact became evident. The odd-even intensity variations seen for 
the polyiodides of the aluminium-13 and aluminium-14 species were evident in the 
nascent spectra and became enhanced as the oxygen etchants were progressively 
added. This suggested that alternate clusters were particularly unstable and, with 
respect to oxidation, more reactive. The reasons were revealed through theoretical 
calculations of iodized aluminium clusters equivalent to those in Fig. 6, showing that 
the clusters reactive towards oxygen in each group (odd numbers of iodine for the 
aluminium 13-mers and even numbers in the case of aluminium 14-mers) had par- 
ticularly large electronic charge distributions suggesting the existence of active sites 
responsible for the enhanced reactivity, hence leading to the odd-even distributions 
found (see Fig. 9). 
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Figure 9: Active sites on iodized Al: and Al;4. The left side shows the creation and occupation of active sites 
around an Al, cluster. The panel on the right shows similar behaviour for Al;4 clusters. 


In order to obtain further evidence of this effect, experiments were conducted in a 
flow tube reactor to investigate the reactions of aluminium clusters with methyl iodide. 
The findings revealed that for nascent aluminium clusters, there was only a limited, 
very slow reaction unless very high concentrations of methyl iodide were employed. 
Significantly, as is evident from Fig. 10, upon iodizing aluminium clusters, reactions 
with CH3I became much more facile. 

One of the most promising prospects is that, through cluster assembly, one may 
design nanoscale materials with preselected properties. In this context, a very active 
subject of research comprises work in the area of catalysis where efforts have been 
made to find systems whose selectivity and efficiency can be tailored. Whether this can 
be accomplished via an appropriate assembly of superatoms has not been established, 
but some of these recent combined theoretical predictions and related experimental 
findings seem to be promising, especially from these results showing that reactive sites 
can be created on certain cluster species in the superatom framework. 


6. ESTABLISHING THE CONCEPT OF EMPLOYING SUPERATOMS IN 
PRODUCING NANOSCALE MATERIALS FORMATION 


6.1. Arsenic-potassium cluster materials as an example 

The findings outlined in the foregoing sections show that there is great promise offered 
by the concept of using the assembly of superatoms to develop new nanoscale materials 
of tailored properties. But the question remained: will it be possible to realize the 
promise, in practice? Recently we achieved the first directed cluster assembly employing 
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Figure 10: (A, B) Reactions of nascent and iodized aluminium clusters with CHI. 


a combination of gas-phase cluster studies, first principles theory and synthetic 
chemical approaches. Theoretical studies led to the prediction that certain cluster spe- 
cies should be particularly abundant. The gas-phase cluster, As7K3 (see Fig. 11) 
was found to be one of the prominent species in the arsenic-potassium system revealed 
by ablation-photoionization experiments. The theory pointed to a possibility of 
forming a structure involving the assembly of six such units as shown in Fig. 12. 
Further theoretical considerations showed that it was the most viable building block 
in the identified series, subsequently established to be a composition representing 
one island of stability in varying compositions in the As-K system (see Fig. 13). 
As discussed in detail elsewhere [38], the system was assembled using synthetic chem- 
istry methods, with the theoretically predicted structure being confirmed by X-ray 
diffraction. 

We believe this to be the first example of the formation of cluster assembled 
materials following a protocol involving the search for clusters predicted theoretically 
to have the required electronic attributes to be stable in order to serve as building 
blocks, and to have appropriate islands of stability that they can be synthesized into 
extended materials. This new approach offers an exciting new avenue to pursue in the 
quest for ways to tailor the design of nanoscale materials of desired properties, from 
the “bottom up”. 
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Figure 11: Mass spectrum of Ask. 
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Figure 12: Schematic diagram showing a cluster assembled solid built of As; and K units. 


7. IMPLICATIONS OF CLUSTER SCIENCE TO MATERIAL AND SURFACE 
PROPERTIES 


7.1. Promising approaches 

In the discussions above we have mainly focussed on aluminium and arsenic clusters. 
However, the concept can easily be extended to a wide class of systems including 
clusters of semiconducting elements. Note that the electronic levels in semiconducting 
clusters cannot be described within a simple framework of a confined free electron gas. 
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Figure 13: Fragmentation energy of K,As, where x = 1, 4; y = 1-14. 


The extension of the superatom concept, therefore, will involve the development of 

alternate classes of guiding principles to determine stable species and different elec- 

tronic markers for their classification. To give an example, we have recently looked at 
metal semiconductor clusters [39, 40] composed of a silicon cage containing an endo- 
hedral metal atom. In Fig. 14 we show the geometrical structure of an Si;5Cr cluster. 

Each Si atom in the cluster is bonded to three other surface Si atoms and the metal 

atom at the centre. We recently suggested that if the electronic manifold could be 
decomposed into Si-Si bonds and the Si-metal manifolds, the system may be looked 
upon as an outside silicon cage encapsulating a nearly free electron gas formed 
by selected silicon electrons and the valence electrons of the metal. The stability 
and electronic properties of such a system are governed by a dual principle where each 
Si bonded to a metal atom donates an electron to the valence pool. The clusters, where 
(1) Si atoms are fourfold coordinated and (2) the total number of valence electrons 
obtained by summing one electron from each Si site coordinated to the metal atom 
including the valence electrons of the metal attain 18 and 20, exhibit enhanced sta- 
bility. Deviations from these numbers lead to changes in the electronic properties 
much in the same way as for the confined nearly free electron gas for metal clusters 
(Fig. 2). 

Unlike bulk matter composed of atoms, the cluster materials formed through 
superatoms will be marked by the intra- and inter-cluster length scales leading to novel 
classes of materials with unique electronic, magnetic, chemical and optical character- 
istics. The electronic bands in ordinary solids are formed by the broadening of the 
electronic levels caused by the overlap of the atomic orbitals. In cluster solids, the 
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Figure 14: Ground-state geometry of an Sij2Cr cluster. A Cr atom is at the centre sandwiched between 
hexagons of Si atoms. Adapted from Ref. [39]. 


electronic shells of individual superatoms will be broadened by their interaction. Since 
it is desirable to reduce interaction between superatoms to maintain identity, the 
cluster assemblies will be marked by narrow bands carrying the imprints of individual 
clusters. The vibrational frequencies in clusters are often higher than those in solids. 
The superatom assemblies will offer the possibility of low-frequency inter-cluster 
modes combined with high-frequency intra-cluster modes. The assemblies are also 
likely to offer new versatility in the area of electronic transport that is expected to be 
highly anisotropic. 

There may also be magnetic effects that can find value in the materials area. Clusters 
of conventional magnetic materials exhibit higher magnetic moments per atom due to 
reduced coordination of the surface sites. In cluster assemblies it will be ideal to 
maintain selected magnetic features of individual clusters by tuning the coupling be- 
tween individual clusters. The developments in the area of molecular magnets are 
already demonstrating the novelties that can be attained. 


7.2. Potential pitfalls in extending concepts 

While studies on small clusters can serve to bridge the gap between atoms and solids, it 
is important to reiterate the fact that clusters are not pieces of bulk matter with a large 
surface to volume ratio. A case in point is the recent report on the chlorination of the 
Ali; as a model reaction for the oxidation of bulk surfaces. These studies followed 
the earlier work by Bergeron et al. [27], who had shown that an Alt: would be sus- 
ceptible to etching by Cl since AICI molecule has a high binding energy of 5.30eV that 
is larger than the 4.65 eV required to remove an Al atom from Aly, In these studies, 
Burgert et al. [41] exposed hot Alt clusters to chlorine under conditions when there are 
only few collisions, thus creating conditions under which the clusters cannot become 
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thermalized. The researchers found that the cluster progressively lost Al atoms, even- 
tually resulting in the fragment Al7. The authors argued that since the topology of an 
Alis cluster with one central Al atom surrounded by 12 outer Al atoms is similar to the 
close packing of Al atoms in the bulk Al, studies on this cluster might exemplify the 
etching of bulk aluminium surfaces. It is important to underscore that such reasoning is 
flawed since the electronic structure of Alj3 is marked by an electronic shell closure 
leading to a large HOMO-LUMO gap while bulk Al is a metal. Indeed, as our ex- 
tensive studies have shown, Alī; does not oxidize in the presence of oxygen even though 
many other aluminium clusters do. Moreover, bulk aluminium does oxidize in the 
presence of oxygen, a reaction that is only impeded in the case of the bulk due to the 
formation of an oxide coating at the surface. Clearly, Alj3 is not a model of a surface! 

On a more fundamental note, such reasonings ignore the fundamental fact that 
clusters constitute a new phase of matter with novel behaviours distinct from the 
individual atom or bulk. For example, clusters of non-magnetic solids can be magnetic 
[42, 43], the reactivity can change by orders of magnitude by just the addition of a 
single atom, the optical properties change discontinuously with size and so on. This 
is important since the entire development of superatoms and their application rely on 
the novelty of behaviours and properties emerging in reduced sizes. The prospects of 
developing new materials through the assembly of superatoms is a highly promising 
avenue to explore, and we can expect many new developments in this field in the future. 
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Chapter 11 
Magnetic properties of 2D islands on single-crystal metal surfaces 
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1. INTRODUCTION 


Exploring the ultimate density limits of magnetic information storage, whether on 
computer hard disks or in MRAMs (magnetic random access memories), requires 
elaborate tuning of the preferred (easy) magnetization axis, of the magnetic anisotropy 
energy (MAE), and of the magnetic moment in the units used to store a bit. These 
units are single-domain particles (with diameter d «20 nm) where the magnetic mo- 
ments of all atoms are ferromagnetically aligned [1] to form the overall magnetic 
moment of the particle M, also called the macrospin. The preferred orientations of 
M, and the anisotropy energy barriers K separating them, are given by the delicate 
balance between several competing energies. These are the magnetocrystalline bulk 
anisotropy, its surface and step counterparts, and the shape anisotropy or demag- 
netizing energy resulting from the interaction of M with its own dipolar stray field. 

The resulting overall anisotropy energy defines the stability of the magnetization 
direction against thermal excitation, and therefore the minimum particle size for which 
non-volatile information storage may be achieved (at 300 K this requires K — 1.2eV). 
However, unraveling the origin of anisotropy is far from trivial due to the competition 
between these energies [2]. A further key parameter is the modulus of M: M defining 
not only the dipolar stray field used to read and write, but also mediating interactions 
between adjacent bits. These interactions are minimized for out-of-plane magnetiza- 
tion and therefore uniaxial out-of-plane systems are best suited to explore the ultimate 
density limit of magnetic recording [3, 4]. 

Current studies attempting to identify the origin of magnetic anisotropy, and the 
density limit with which one may ultimately place magnetic particles without appre- 
ciable interactions, mainly deal with two model systems. These are colloids or three- 
dimensional (3D) nanoparticles, and 2D nanostructures created by molecular-beam 
epitaxy at single-crystal surfaces. For colloidal particles, remarkable progress has been 
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achieved 1n monodispersity [5], their self-assembly into 2D superlattices [6, 7], and in 
the accomplished anisotropy energies per constituent atom [8, 9]. 

Despite their promising properties for applications, 3D nanoparticles present several 
difficulties. Although the magnetic properties of a single particle can be addressed [10], 
it is almost impossible to study the morphology of the particle in conjunction with its 
magnetism. The particles frequently have a few atomic layers of oxide at their surface, 
which are not ferromagnetic [11]. This causes uncertainties in the morphology of the 
ferromagnetically ordered particle core. Owing to these difficulties, no general view on 
the origin of anisotropy in nanoparticles has yet evolved. The anisotropy has either 
been attributed mainly to the volume [12] or surface [10] contribution of the crystalline 
lattice, or to shape anisotropy caused by eccentricities of the magnetic core [11]. 
A second difficulty is the out-of-plane alignment of the easy magnetization axes in 
colloidal monolayers. An individual particle can have several easy magnetization axes. 
In addition, the deposited particles are randomly oriented and therefore their axes 
point into random directions [13]. However, every in-plane component of the mag- 
netization leads to undesired dipolar interactions. Attempts of applying out-of-plane 
magnetic fields during deposition piles up the particles by dipolar interactions and 
thereby inhibits formation of ordered monolayers [8]. A third difficulty is coalescence 
between adjacent particles upon annealing. This equally leads to high blocking tem- 
peratures and is often difficult to discern from the desired coercivity increase in the 
individual particles by change of their crystalline structure [12]. 

2D nanostructures at surfaces are optimally suited to address the origin of aniso- 
tropy, and also to explore density limits of non-interacting magnetic units. The 
anisotropy imposed by the substrate makes them uniaxial, for example oriented out- 
of-plane. The size and spatial uniformity achieved by self-assembly techniques [14-16] 
are comparable to those of colloids. Under ultrahigh vacuum conditions, there is no 
oxide shell and all constituent atoms are ferromagnetically ordered. Thus, the particle 
morphology contributing to the magnetic signal is accessible at the atomic scale and 
can be related to the magnetic properties measured in situ with integrating techniques. 

Inspired by these advantages, and by the technological relevance of the questions 
raised above, many fundamental studies have been carried out on the magnetic prop- 
erties of 2D islands on single-crystal metal surfaces. These studies use epitaxial growth 
and are therefore complementary to studies depositing magnetic clusters from the gas 
phase [17]. For general overviews of magnetic nanostructures and their technical ap- 
plications, we refer to Refs. [1, 18-20]. We focus here in particular on experiments 
which try to establish an atomic scale understanding of the contribution of the in- 
dividual constituent atoms to the magnetic properties of the overall island. One of the 
key experimental techniques is scanning tunneling microscopy (STM), either used to 
characterize the morphology of the island ensemble or to infer magnetic information 
on individual islands using spin-polarized (SP) tips. Magnetic properties such as spin 
and orbital moments, as well as anisotropy energies, are inferred by established spa- 
tially integrating techniques, such as magneto-optical Kerr effect (MOKE) and X-ray 
magnetic circular dichroism (XMCD). 

We begin our chapter with a discussion of the temperature-induced transition from 
the blocked to the superparamagnetic state, followed by disappearance of magnetic 
order once the islands Curie temperature is reached. The mechanism of thermally 
activated magnetization reversal is still a non-trivial issue due to the difficulty to 
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characterize the transition state of the island either by experiment or theory. We 
discuss examples of coherent rotation and domain-wall nucleation, as well as curling. 
Section 3 takes Co islands on Pt(111) as an example to show the different contri- 
bution of step vs. surface atoms to the magnetic anisotropy. This system also dem- 
onstrates the non-triviality of magnetization reversal as it shows a transition from 
coherent rotation for small and compact islands to domain-wall nucleation upon a 
critical diameter which is for ramified islands in the range of 150 A. We discuss self- 
assembly of magnetic island superlattices in Section 4. In the same section, we discuss 
the magnetic properties of superlattices. The first example are Co double-layer islands 
on an Au(7 88) surface which presently is the highest density of uniaxial out-of-plane 
particles with no dipolar interactions and most homogeneous magnetic moments and 
anisotropies. However, its blocking temperature is with 50K too small to become 
technically relevant. The second example is Co pillars realized by sequential deposition 
of Co and Au onto Au(111). This system can be grown such as to be blocked at 
300 K, however, it suffers from dipolar interactions. The island shape favors in-plane 
magnetization, nevertheless the islands are out-of-plane magnetized due to the mag- 
netocrystalline anisotropy imposed by the substrate. The substrate role is addressed in 
Section 5 for individual magnetic adatoms on alkali surfaces showing different degrees 
of hybridization and revealing the ground state electron configuration. The evolution 
of orbital moment and anisotropy energy as function of lateral coordination is ad- 
dressed for Co adatoms and small islands on Pt(1 11). Section 6 is devoted to spin- 
polarized STM measurements reporting spin-polarized surface states on Gd islands on 
W(1 10), unusually high tunnel magneto-resistance values for Co/Pt(1 1 1)-Cr/W tip 
junctions, and contrast inversion for Co islands on Cu(11 1) and Cr-coated W tips. 
Finally, we summarize and give future perspectives in the conclusions. 


2. MAGNETIZATION VS. TEMPERATURE 


The temperature evolution of the magnetic moment M(T) of a nanoparticle shows 
three distinct regimes whose boundaries are the Curie temperature Tc and the block- 
ing temperature Tp. These temperatures are the macroscopic signature of two atomic 
interaction energies. The first is the exchange interaction J, which leads to a magnetic 
moment of the nanoparticle for ferromagnetic alignment of the spins of adjacent 
atoms. The second is the spin-orbit interaction inducing coupling of the electron spins 
to the crystal field. This gives rise to magnetocrystalline anisotropy leading to the 
everyday experience that magnets are magnetized along preferential directions (easy 
axes). Besides magnetocrystalline anisotropy, there are several other sources of an- 
isotropy, for instance magnetostriction, shape, and surface anisotropy. The resulting 
overall anisotropy is referred to as MAE K. 

Briefly, the magnitude of M(T) is determined by the exchange energy and the atomic 
moments, while the direction of M(T) is determined by the MAE. Typical orders of 
magnitude are 1-20meV/atom for J and 0.1-1 meV/atom for K. With increasing 
temperature, Tẹ marks the boundary between the blocking region, where the MAE 
keeps the magnetization direction parallel to the easy axis, and the superparamagnetic 
region, in which the nanoparticle can continually reverse its magnetization direction 
due to thermal excitation. 7. marks the boundary between the superparamagnetic 
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Figure 1: Temperature dependence of the zero-field susceptibility of a single particle. The black and gray 
curve represents the real and imaginary part of the susceptibility, respectively. 


region and the paramagnetic region in which the thermal excitation breaks the parallel 
alignment of spins inside the particles. 

This evolution is displayed by the temperature diagram of the zero-field suscepti- 
bility for a single-domain nanoparticle having a single easy magnetization axis (Fig. 1). 
Let us consider the nanoparticle in the blocked state with its magnetic moment aligned 
to the easy axis. In the absence of external magnetic field (H — 0), the spin up and 
spin down states are separated by an energy barrier E(K) which is a function of the 
MAE K. Independently, on the details of the landscape shape of this energy barrier, 
the thermally activated magnetization reversal rate follows the Arrhenius law 
v = voexp(-E/kgT). The relaxation time t is given by t= tgexp(E/kgT), with 
to =v. The barrier is readily overcome if T» Ty = E/kgln(1/@to), where o is re- 
lated to the observation time t = 2z/o. In the case of Fig. 1, œ is the sweep frequency 
of the external magnetic field used to measure the susceptibility. Ty is the blocking 
temperature, defined by the temperature where the ensemble reaches half of its ther- 
modynamic equilibrium susceptibility y.g. For T> Ty, the particles are superpara- 
magnetic, and y(T)= y.Q(T). For T«Ty, the particles are blocked in a fixed 
magnetization state (up or down), and hence y(7) = 0. For Tz Ty, the system is 
determined by the kinetics of barrier crossing which depends on the actual shape of the 
energy barrier. Up to now, the overall magnetic moment M(T) of the nanoparticle was 
assumed to be temperature independent which is equivalent to assuming an infinite 
Curie temperature. A more realistic description is obtained when introducing the 
temperature dependence of the magnetic moment in order to take into account that 
at T = Tc the thermal energy overcomes the exchange energy causing the breaking of 
the ferromagnetic order in the island. For a uniaxial nanoparticle, a natural choice is 
given by the exact expression for the temperature dependence of the magnetization of 
a Ising lattice. For example, in the case of a plane triangular Ising lattice, it reads 
M(T) = (WT) + /QWCD-3] 5fowCT)-3)/ QT) + 3] 5, where w(T) = exp(4J/T) and 
Tc = 4J/In 3 [21]. This results in an abrupt drop of the real part of the susceptibility 
(xı(T)) to zero at T= Tc (Fig. 1). 
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It 1s instructive to move a step further in the understanding of the magnetization 
reversal problem. Three mechanisms are possible for the magnetization switching: 
coherent rotation, domain-wall nucleation with subsequent wall propagation, and 
curling. The thermal switching by coherent rotation was theoretically investigated by 
Neel [23] and Brown [24]. They assumed uniaxial MAE and single-domain magnet- 
ization, i.e., at any time during the reversal process the spin and orbital moments of 
the constituent atoms are ferromagnetically aligned to form a single magnetization 
vector, the nanoparticle macrospin M. The energy diagram of this macrospin in an 
external magnetic field H is described by E — K sin? 0-MH with two minima, cor- 
responding to the up and down orientation of M, separated by the clusters MAE K at 
zero field (0 is the angle between surface normal and M). The anisotropy energy at 
zero field is the energy K = E(90°), associated with the in-plane configuration forming 
the transition state that has to be overcome during magnetization reversal. The cross- 
ing rate of the MAE barrier is described, in the limit of small external field, by the 
Arrhenius expression v = vo exp((-K+ HM)/k,T) with vo ~10!°s! [22]. The temper- 
ature dependence of the switching field can also be calculated and it was experimen- 
tally measured by Wernsdorfer et al. [22] for individual ellipsoidal cobalt nanoparticles 
having a diameter of 25+5nm (Fig. 2). 

The thermally activated magnetization reversal by domain-wall nucleation and dis- 
placement was theoretically investigated by Braun for the 1D problem, or equivalently 
for elongated particles (particles with an in-plane aspect ratio larger than 1:10) [26-28]. 
Braun demonstrated that the excitation (or nucleus) with the lowest energy is an 
untwisted domain-wall pair and once this nucleus has formed the magnetization 
can reverse without further expense in energy. The nucleation barrier is proportional 
to the particle vertical cross-section S; and in the limit of small field OH « 2K/M) reads 
E = 8S, JK, where K includes contributions of crystalline and shape anisotropies. 
One defines a critical length Ler by comparing the previous energy with the en- 
ergy required for the coherent magnetization rotation, which, for a uniform MAE 
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Figure 2: Scaling plot of the mean switching field H,, for field sweeping rates between 0.01 and 120 mT/s 
and temperatures between 0.14 and 5.0 K. After Ref. [22]. 
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distribution, reads E = S.L4K, giving Le = 8,/J/K. Actually, for very elongated 
particles L >> Ler, the particle ends behave independently and at finite temperature, 
due to the thermal fluctuations, magnetization reversal by nucleation of a reversed 
domain at one particle end becomes energetically favorable [29-31]. In this case, the 
nucleation barrier E = 4S-/JK is half the value calculated for the untwisted domain- 


wall pair case and the critical length reads Ly = 44/J/K and Lo 7 54/ J/uy M? for the 


two limiting cases of uM? e K [29] and uM? > K [32], respectively. 

Experimental evidence of a shape-dependent switching behavior has been reported 
for one monolayer thick perpendicularly magnetized Fe islands on Mo(110). Spin 
polarized-STM measurements (SP-STM) recording thermal switching rates of indi- 
vidual islands containing some hundreds atoms suggested that elongated particles 
(with a maximum aspect ratio of 1:4) switch faster than equally sized compact islands 
[25]. The authors report a critical length of Le = 9.1 +0.3 nm (Fig. 3). 
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Figure 3: (a) Topography and (b) magnetic d//dV signal of Fe islands on Mo(1 1 0). (c) Plot of the switching 
rate vs. the area of individual islands. The scatter of the switching rate points to a shape-dependent crossover 
from coherent rotation of compact Fe islands shorter than Le x9 nm toward nucleation and expansion of 
reversed domains in elongated islands. (Insets) Topography of selected Fe islands (scale bar: 5 nm) [25]. 
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Figure 4: A phase diagram of magnetic states for different diameters and thicknesses of the Fe islands on 
W(00 1). Solid and open circles show the single domain and vortex state, respectively. The solid line is the 
dividing line following calculations by Cowburn et al. [33]. After Ref. [34]. 


Finally, the third reversal mode consists in the incoherent reversal by curling or 
vortex formation. This mode is in general unlikely in truly 2D nanostructures since the 
critical length for the turnover from coherent rotation to curling in an oblate spheroid 
quickly increases as the spheroid thickness is reduced [35]. For example, using bulk 
values for J and M, Skomski [36] evaluated a critical length of about 400 nm for a 
perpendicularly magnetized one monolayer thick Co film (one monolayer, ML, 
is defined as a coverage corresponding to the density of substrate surface atoms). 
Experimentally, SP-STM measurements of in-plane magnetized Fe islands on W(00 1) 
with a thickness of a few nanometers demonstrated that the single-domain state 1s 
stable for lateral sizes up to 200 nm [34] (Fig. 4). 


3. Co ISLANDS ON Pt(111): MAE AND REVERSAL MECHANISM 


In a 3D magnetic crystal, the magnetic anisotropy and the preferred directions of 
magnetization are related to the crystal axes by the quantum-mechanical spin-orbit 
interaction. As the dimension of a magnetic sample is reduced, for example in ultra- 
thin (a few ML thick) films, e.g., used in the latest hard-disk read heads, the shape 
anisotropy caused by the magnetic stray fields outside the sample gains of importance. 
This anisotropy favors alignment of the magnetization along the film plane. Other 
energies that have their source in the electronic structure can be even more important. 
The reduced number of nearest neighbors of atoms at the surface of a thin film or at 
the edge of a nanostructure leads to more atomic-like electronic properties. 2D nano- 
structures created and analyzed under well-defined conditions (UHV, STM, and in 
situ magnetic characterization) represent an ideal prototype system to investigate the 
role of the different anisotropy energies, the reversal mechanism, and the contribu- 
tions made by the differently coordinated constituent atoms. 
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3.1. Transition from blocking to superparamagnetic 

With atomic beam epitaxy, several island morphologies can be produced by control- 
ling the growth parameters [37]. The ramified islands in Fig. 5a are formed upon 
deposition at 130 K due to limited mobility of atoms along the island edge. Annealing 
of these islands to 300K activates edge mobility yielding compact islands without 
much coarsening (see Fig. 5b). Further annealing to 340K converts the monolayer- 
high islands of Fig. 5b into double-layer islands represented in Fig. 5c. This mutation 
is caused by the surface and interface free energies favoring atoms climbing up onto 
the second layer and thereby reducing, with respect to Pt(11 1)/vacuum, the more 
costly Co/vacuum and Co/Pt interfaces by a factor of 2. 

The island size and perimeter distributions were obtained from a statistical ensemble 
of about 1000 islands imaged by STM for each sample. The size distributions are 
normalized to yield unit area under the curves. As expected, the size distribution of the 
ramified islands is very well reproduced by the theoretical curve obtained by kinetic 
Monte-Carlo simulations and by nucleation theory taking into account the random 
island spacing [38] (asymmetric bell curve, non-zero when s 0). The mean sizes for 
the three samples are: S, = 1000 +600, Se = 1200 +700, and S, = 5000 + 1500 atoms. 
The nonlinear relationship between the island area and perimeter length (see insets) 
gives each of the two distributions its characteristic shape, thus enabling to disentangle 
the different role played by inner and edge atoms. 

The magnetic behavior was characterized by measuring the temperature dependence 
of the zero-field susceptibility with MOKE. Independent of island shapes and sizes, 
a MOKE signal was observed only in polar configuration demonstrating an out- 
of-plane magnetization easy axis. The y(7) curves were measured as the field derivative 
of the Kerr intensity with the external field sweeping around zero with frequency 
œ = 0.1-100 s'' and an amplitude of 100 Oe. This amplitude is motivated by a trade- 
off between signal-to-noise and the linearity of the superparamagnetic M(H) curves. In 
our case, they are linear up to much higher fields (linear response theory gives the 
upper field limit as MH « kgT). All the y,(7) curves present the same characteristic 
behavior shown in Fig. 1. 

We first consider fits of the experimental data assuming magnetization reversal by 
coherent rotation. MOKE is a spatially integrating method (the laser spot size was 
about 1 mm?) reporting the properties of the island ensemble. Accordingly, we sum 
over all islands, taking their size and perimeter distribution into account. The x(7) 
function for a given island is obtained as follows. The kinetics of barrier crossing and 
therefore the residence time in the spin up and spin down states 1s described by master 
equations. In the limit of small fields one can linearize these equations and multiply 
with the equilibrium susceptibility to obtain the following analytical expression for the 
in-phase (real) and out-of-phase (imaginary) part of the zero-field susceptibility 
(x = it o): 





io, T) = Xeq(T) (1) 
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Figure 5: STM images, size s and perimeter p distributions, real (x,(7)) and imaginary (y5(1)) susceptibility 
curves for three different island shapes: ramified monolayer (column a), compact monolayer (column b), and 
bilayer (column c). S is the average island size, and N, the density of islands of size s, the Co coverage is the 
same for the three morphologies (© = 0.4 ML). In the size and perimeter distribution figures, the black and 
gray curves represent the best fits according to the text. In the susceptibility graphs, the various curves 
represent the fits according to the values for the MAE of inner (E^) and edge atoms (E“) shown in the 
legends. The MAE values are given in meV/atom. 


436 H. BRUNE AND S. RUSPONI 


where t = I/vgexp(K/kg T) [39]. Xeq is the zero-field susceptibility at thermodynamic 
equilibrium given by [40, 41] 


exp(K /kg T) 1 
EVA nKkp TErfi(4/ K/kgT) 2K 


This equation takes into account the fluctuations of the magnetization around 
the energy minima. The blocking temperature Tẹ is defined by wt(7,) = 1. Its 
expression and the transition width are given by 7, = K/kgln(1/ct9) and AT, = 
kgT;,/ K © Tp/30, respectively. 

For T< Ty, the particle is blocked in a fixed magnetization state (up or down), hence 
X(T) = 0 (blocked region). For Tx Ty, the crossing over the MAE barrier is thermally 
activated and the magnetic state of the particle is determined by the kinetics of barrier 
crossing (activation region). This is reflected in a peak both in the y;(T) and in the y(7) 
curves. Finally, for TT the particle is superparamagnetic, and (T) = za 1/T 
(superparamagnetic region). For comparison, Fig. 6 shows the infinite anisotropy 
limit, leading to a two-state system (Ising model, see dashed short curves in main figure 
and inset), and the vanishing anisotropy limit, characterized by an occupation of all 
orientations of M (Langevin model, long dashed curves). With increasing temperature, 
Xeq goes from one limit to the other and therefore its decay is slightly steeper than the 
1/T behavior characterizing the two limiting cases. It is seen that the Ising model is a 
good approximation for y(T) if Ty « T «2T, whereas the Langevin model may only be 
used for very high temperatures. 

The origin of M and K is revealed by testing different assumptions to compute these 
values for a given island with size s and perimeter p. In order to keep the fitting to a 
single parameter, we assume that M is simply given by the number of constituent 
atoms times their moment m, M = sm. This assumption is justified because m varies by 
much less than 20% for the size range of interest [42]. m was determined by measuring 
the magnetization curve of compact islands at T> Ty. Figure 7 shows the typical 
superparamagnetic reversible S-shaped curve. The magnetization reaches 0.6 of its 
saturation value at the experimentally available field of +5000e. With the Ising 
model, which is a good approximation just above T», we obtain the gray curve yielding 
m = 2.1 0.2 ug per atom. This value is in very good agreement with the one expected 
from taking the sum of the calculated Co spin moment [43] mco,s = 1.8 ug, its meas- 
ured orbital moment [44] mc, = 0.2 ug, and the measured polarization of Pt at its 
interface with Co amounting to [45] mp, — 0.2 ug. We note that already for the mo- 
ments the size distribution and obviously the correct models are crucial. Assuming an 
ensemble of particles all having the average size would give m = 3.0+0.2 ug per atom 
and erroneously using the Langevin model would yield m = 6+1 ug per atom. Note 
also that M respectively m enter as scaling factor on the vertical axis. This implies that 
the reference measurement on a fully saturated monolayer sample was essential to 
measure m, however, it also implies that errors on M do not affect the shape of y(T) 
which is used to determine the MAE K. Conclusions reached below on K are inde- 
pendent of the exact value of m. 

The MAE of a particle strongly depends on the coordination of the constituent 
atoms [16, 46-48]. Therefore, the natural choice for the expression of the MAE is 
K = sE“+pE”, where E^ and ET are the contribution of highly coordinated (inner) 





Xeq(T) =M? (3) 
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Figure 6: Zero-field magnetic susceptibility 7(7) for a magnetic island with out-of-plane easy axis. Different 
models are compared for K = 200 meV, M = 3150 ug = 182 meV/T corresponding to islands with 1500 Co 
atoms triangular field sweep with c = 0.3 Hz. The analytical model (x(7), thick full curve) perfectly describes 
the blocking to superparamagnetic transition as seen by comparison with the numerical calculation (circles). 
The equilibrium zero-field susceptibility, Ze, is shown as a thin gray curve. (Inset) Energy of a uniaxial 
monodomain particle as a function of the orientation of M with respect to an out-of-plane external field H in 
the Ising model (two states: up and down), in the Langevin model (continuum of states, no anisotropy, E is 
given by Zeemann energy HM), and in the full model incorporating the anisotropy energy K. x(T) derived 
from the Ising and Langevin models are shown in the main figure for comparison. 


and low coordinated (edge) atoms, respectively. By simultaneously fitting the yı(T) 
and y5(T) curves the following magnetic anisotropy energies per atom are obtained for 
the three island morphologies: 


e ramified: ET = 0.9 meV, E^ = —0.09 meV 
* compact: E^ — 0.9 meV, E^ — —0.03 meV 
e bilayer: E? = 1.0 meV, E^ = —0.02 meV 


with an error of +0.1 meV (--0.2 meV in the case of bilayer islands) on E and 
+0.003 meV on E”. 

The value E^ ~ | meV/atom associated to edge atoms, having on average four in- 
plane neighbors, compares well with the MAE/atom measured by means of XMCD in 
small Co clusters on Pt(1 1 1) with a size of 7-10 atoms, where the lateral coordination 
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Figure 7: Magnetization (Miot) of the sample shown in Fig. 5b as a function of out-of plane field. T= 150K, 
triangular field sweep with œ = 0.6 Hz. Miot is normalized to the Kerr signal obtained for saturation of a 
single monolayer film, taking the coverage of 0.4 ML into account. The Ising fit is shown as a gray line and 
yields m = 2.1 up when taking the size distribution into account. The dash dotted line is the Langevin model 
with this value. 


of the majority of the constituent atoms is comparable [46] (see Section 5). It is also in 
good agreement with the value of 0.8+0.1meV/atom observed for Co islands on 
Au(7 88) [16], and with the estimate of 1.0 +0.3 meV/atom derived from Ref. [48] for 
Co islands on Au(11 1). For the bilayer islands, this value seems high since the first 
layer perimeter atoms are higher coordinated and therefore expected to have lower 
anisotropy than the second layer step atoms. The larger error in the estimation is not 
due to deficiencies in the fit procedure but is due to the fact that nominally identical 
samples actually show different Tẹ. Possible causes are the different strain affecting 
border atoms in mono- and bi-layer islands [47] modifying the local density of states or 
different relaxation of the tensile stress taking place during the annealing procedure. 

The predominant role played by the border atoms in determining the MAE is also 
directly pointed out by the shape of the 7(7T) curves. An MAE proportional to the 
island size would result in a much broader y2(T) curve with respect to the measured 
one (Fig. 5). This directly follows from geometrical considerations since in 2D the 
island size has a distribution twice as wide as the one of the perimeter. By comparing 
with 3D colloid particles, where the MAE distribution is always larger than the one of 
the size [5, 11], this also means that arrays of 2D nanoparticles grown by MBE may 
achieve narrower MAE distribution than anticipated on the basis of the size distri- 
bution alone [16] (see Section 4). 

The previous analysis was focused on the temperature range centered around the 
peak of the y(T) curves containing the information about the MAE distribution of the 
samples. Nevertheless, it is instructive to get a closer look to the high-temperature 
region where a faster than predicted decrease of y;(T) is observed both for compact 
and bilayer islands. In the previous discussion, M(T) was assumed to be temper- 
ature independent. Removing this assumption and assuming M(T) = [(w(T) + 1)°/ 
(LT) — DIT) — 3)/(w(T) + 3] 5, where w(T) = exp(Tc/T In 3), which is the 
exact expression for the temperature dependence of the magnetization of a plane 
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triangular Ising lattice [21], gives a better fit. In the case of compact islands, the fit 
gives Tc = 290+10K. The absence of the abrupt drop of the susceptibility signal at 
T — Tc can probably be ascribed to the island morphology. Some small second layer 
clusters in fact decorate the compact islands. Because Tc strongly depends on co- 
ordination, these second layer nuclei can locally increase the island Tc explaining the 
weak signal still visible around the estimated Curie temperature. 

In the case of bilayer islands, the best fit gives Tc = 400-- 10 K. This value agrees 
with the following theoretical estimation. The Curie temperature of ultra-thin films 
is expected to depend on the film thickness n following the relationship [49] 
1— Tc(m/Tc(oo) = A—(n—1)/2No, where N, is the range of spin-spin interaction and 
A is a constant taking into account the non-zero Curie temperature of the monolayer 
film (from the monolayer data one calculates 4 — 0.79). In the case of Co, the range of 
the spin-spin interactions has been calculated [50] to be No = 9-10, which gives 
Tc(2) = 370-450 K. The experimental check of this value is difficult because annealing 
at temperatures slightly higher than about 380 K produces irreversible change of the 
x(T) curves which tend to flatten while the island morphology stays unchanged. A 
similar onset temperature was recently measured by Robach et al. [51] who observed a 
6ML Co film on Pt(11 1) to reverse its magnetization from in-plane to out-of-plane 
following a brief annealing to about 375K. By analyzing the magnetic crystal trun- 
cation rods of the Pt surface, the authors found the origin of the observed change of 
the film MAE in the site exchange between interfacial Co and Pt atoms. They also 
estimated the exchange to affect only 4+1% of the interfacial Co monolayer. This 
interfacial exchange could be responsible for the evolution of the magnetism observed 
for annealing temperature higher than about 400K. The partial Co/Pt exchange will 
likely produce a widening of the island MAE distribution which is seen as a widening 
and flattening of the (T) curves. 

Before turning to alternative mechanisms of magnetization reversal, we briefly dis- 
cuss the effect of mutual dipolar interactions. Looking at the agreement between ex- 
perimental and calculated data for y,(7) in the superparamagnetic regime, showing the 
steeper than 1/T decrease, suggests absence of such interactions since their presence 
would considerably flatten this decrease [52]. The absence of interactions can be also 
rationalized by simply comparing the switching field H,, of a given island with the 
stray field Hstray created by all other neighbors. The worst case is obtained assuming all 
the macrospins of the neighbors to be aligned. Considering an ensemble of monodis- 
perse compact monolayer particles with M = S.uco = 146meV/T (Kz120meV) one 
gets Lo stray 1x 10? T (Eq. (4) of Ref. [53]. The temperature dependence of the 
switching field is given by Hsy = Ho(1 — V T/T») [54], where u9Ho = 2K/M = 1.6T. 
It is easily seen that dipolar interactions affect the islands behavior only when 0.99 
Ty«T«Ty. 


3.2. Magnetization reversal 

The previous discussion assumed magnetization reversal by coherent rotation. How- 
ever, Section 2 showed an example where 2D nanostructures reversed their magnet- 
ization by domain-wall nucleation. The size decides which of the two reversal processes 
is energetically favored. Magnetization reversal takes place by coherent rotation if the 
island diameter is smaller than Ler, otherwise wall nucleation and subsequent motion 
costs less energy. In order to estimate the critical length for Co/Pt(1 1 1), we note that 
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the mean MAE value is K<0.15meV/atom = 1.5 MI/m?, assuming an identical con- 
tribution of all the atoms forming the islands [39]. This implies K> 19M? which is 
unfortunately just in-between the two limiting cases jy M? « K and uM? > K which 
can be treated analytically. Evaluation of Ler for the Co particles in the two cases gives 
8 and 10 nm, respectively. 

A more realistic evaluation of the critical length Ler was obtained by performing 
micromagnetic calculations of the magnetization reversal process in absence of ther- 
mal excitation. The calculations employed the widely used OOMMF program which 
calculates the motion of the magnetization vector following the Landau-Lifshitz- 
Gilbert equation under the effect of a local field taking into account the exchange and 
dipole-dipole interaction, and uniaxial anisotropy energy [55]. We considered rectan- 
gular islands, however, rounding of the corners did not affect the results. The height 
(z) was set to 2.5 A (1 ML) and the width (y) and length (x) were varied in order to see 
the effect of the island elongation on the magnetization reversal mechanism. The initial 
magnetization was assumed to be saturated (m = 1.4 MA/m x 2.1ug/atom) and canted 
respect to z by an angle of 0 — 182^. This angle corresponds to the maximum possible 
misalignment between surface normal and magnetic field and allows convergence of 
the micromagnetic calculation with reduced magnetic fields (ue « 2K/ M) applied 
along z. The exchange stiffness was assumed to be J = 10 !! J/m = 16meV/atom 
[56, 57] and K — 0.15 meV/atom — 1.5 MJ/m? following the experimental value. 

In Fig. 8, the spatial distribution of the island magnetization 1s shown for different 
island dimensions. The snapshots are taken when the total z component of the mag- 
netization M; — 0. Clearly, the magnetization reversal proceeds by nucleation and 
displacement of an untwisted domain-wall pair for the longer islands, while the fa- 
vorite mechanism is coherent rotation for the shorter ones, the critical length being 
L2=30nm. The micromagnetic calculations also extend the validity limits of the 
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Figure 8: Micromagnetic calculations of the island magnetization. The snapshots show the magnetization 
distribution corresponding to a vanishing value of the total z-component of the magnetization (M; = 0, 
J= 10 !! J/m = 16meV/atom, mz 1.4 MA/m x2.1 ug/atom, K = 0.15 meV/atom = 1.5 MJ/m?). The MAE 
is assumed uniaxial along z. The damping coefficient was « = 0.1 and the vertical field was Bz = 0.9 T. The 
islands were discretized by cuboids with a lateral size of 2.5 A. The island height was set to 2.5 À. The width 
(y) was fixed to 50À (a) and 200A (b). 
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analytical theory by supporting the independence of Ler on the island aspect ratio 
(Fig. 8). This means that the magnetization reversal proceeds by wall nucleation and 
displacement as soon as at least one of the in-plane island dimensions becomes longer 
than L4. We note that the critical length strongly depends on the exchange stiffness 
which in turn depends on the island thickness. The value used in the simulations was 
measured for an 8ML thick film, and it could be smaller for 1 ML [25, 57]. For 
example, one gets L.,>20nm nm for J = 5x 10 ^ J/m = 8 meV/atom. By assuming 
the energy barrier for nucleation at the particle end being half the one required for 
nucleation in the particle center, the micromagnetic simulations roughly estimated 
Lo Z 15nm. Considering for example the sample in Fig. 5b, the islands have lengths 
smaller than 20 nm with only a minor fraction having lengths up to 30 nm.This sug- 
gests that reversal by coherent rotation of the magnetization is a good approximation 
and that, eventually, only a negligible fraction of the islands may reverse their mag- 
netization by domain-wall nucleation and displacement. Evidently, all simulations and 
analytical models of this discussion assume a homogeneous distribution of K, and the 
experimental [46, 58] and theoretical [47] evidence of a significant increase of K with 
reduced coordination is not taken into account. 

As a parallel check we note that the energy barrier for nucleation of domain walls 
may be assumed proportional to the island section. A rough estimation of the dis- 
tribution of island sections is given by the distribution of the area-to-perimeter ratios. 
By fitting the x(7) curves assuming the energy barrier for switching E = s/p Esec, 
where E, c 44/JK, instead of K = sE“+pE”, gives in general a slightly worse 
agreement with the experimental data, with the exception of the ramified islands 
(Fig. 9). 
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Figure 9: The experimental yı(T) and 72(7) curves measured for the three island shapes (ramified monolayer, 
compact monolayer, and bilayer) shown in Fig. 5. The black and gray curves represent the best fits assuming 
E = s/p Esc and K = sE“+pE”, respectively. 


442 H. BRUNE AND S. RUSPONI 


(b) 





1.04 


0.84 


0.64 


X1 


0.44 


0.24 





0.0 





T T T 
0 50 100 150 200 
500 À T [K] 


(c) 0.8 ae (d) 0-4 








0.34 





0 
00 05 10 15 20 25 30 3 
' s/S 


0.2 4 | ` 0.14 














D 

0.0 1 r —— r phy 0.0 4 
00 05 10 15 20 25 30 35 0 

s/S 








Figure 10: (a) STM image, (c) size s and perimeter p distribution, (b) real yı(7), and (d) imaginary x>(7) 
susceptibility for Co islands purposely grown to have a mean lateral size longer than 150 A. The mean size is 
S = 1100+800 atoms. The black and gray curves represent the best fits assuming E= s/p Ese and 
K=sE®+pE®, respectively (O = 0.08 ML, Taep = 150K, subsequent addition of © = 0.08ML at 
Taep = 250K). 


To test where a transition to domain-wall nucleation possibly takes place for 
Co/Pt(111), we purposely chose growth conditions increasing the island length 
(L>15nm). Figure 10 shows that for this morphology a model assuming domain 
nucleation and motion nicely reproduces the experimental data points, whereas the fit 
assuming K = sE" - pE" gives an erroneous temperature dependence of 7(7). The 
proportionality constant in Esec & A /JK, which depends on the actual island shape, 
can be roughly estimated by comparing the values of the island mean section and of the 
ratio s/p measured by STM on a set of islands. By doing so and taking the fit value of 
Ej. one estimates JK = 2.02-0.5 meV?/atom?, in good agreement with the value 
JK = 2.4 meV?/atom? assumed in the previous discussion. Altogether, this strongly 
suggests a transition from coherent rotation to domain-wall nucleation and motion for 
Co/Pt(1 11) at a critical length of L;, 2:15 nm. 


3.3. Tailoring the magnetism of 2D nanoparticles 
The finding of different contributions of step and surface atoms to the magnetic an- 
isotropy opens new possibilities to separately tune the MAE and magnetic moment of 
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Figure 11: Tailoring magnetic properties in bi-metallic islands: (a) 3D view of an STM image of one 
monolayer high islands with Pt core and an approximately 3 atom wide Co shell (deposition of 0.2 ML Pt at 
130 K and annealing to 760 K generates the quasi hexagonal non-magnetic core; subsequent deposition of 
0.2 ML Co at 220K creates the Co rim). In the STM topographs, Co can be discerned from Pt by its 0.3À 
larger apparent height which was used as color code; (b) y(T) reveals that the Co-rim Pt-core islands have the 
same anisotropy as the pure Co islands with equal perimeter length [39]. 


nanostructures. The idea was exemplified by producing bi-metallic one monolayer high 
islands with a non-magnetic core (Pt), surrounded by a few atoms-wide magnetic rim 
(Co) (see Fig. 11a). The growth conditions took care that the rim is at least two atoms 
wide in order to increase the exchange-coupling energy and thus enforce long-range 
ferromagnetic order. In monatomic Co chains, where the chain atoms have only two 
magnetic neighbors, ferromagnetic order has been reported to extend only over 15 atoms 
at 45 K [59]. It is seen from Fig. 11b that keeping the MAE per edge atom fixed to the 
value inferred above for the pure Co islands perfectly reproduces the switching behavior. 
The bi-metallic islands have identical anisotropy as their equally shaped pure Co coun- 
terparts; however, they have a much smaller over-all moment due to their non-magnetic 
core, and thus reduced dipolar interactions. Many other examples where coordination 
and interfaces are employed to tailor K and M are currently under investigation. 


3.4. Oxidation effect on the island MAE 

Due to their reduced dimensions, small magnetic particles created by metal epitaxy at 
surfaces are very sensitive to pollution, in particular to oxidation. The effect of ox- 
idation on the magnetic properties can be quite complex. Since oxidation generally 
starts at the low coordinated sites, partial oxidation may provide helpful insight into 
the origin of magnetic properties, such as magnetic anisotropy. Generally, oxidation 
degrades the magnetic properties, for instance it has been reported to reduce the 
anisotropy [60]. However, in particular systems it may dramatically increase the an- 
isotropy, e.g., due to exchange coupling with an antiferromagnetic CoO shell [61]. 
STM images show clearly that the oxidation process begins at the island edge for 
Co/Pt(1 1 1) (Fig. 12). With increasing oxygen exposure, the dislocation pattern char- 
acteristic of clean Co is progressively replaced by a superstructure with a periodicity of 
10+1A. An oxygen dose of only 0.3 Langmuir is sufficient for the superstructure to 
cover the entire surface of small islands, whereas clean Co patches remain only in the 
center of the largest islands (Fig. 12c). 
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Figure 12: (a) STM image of one monolayer high pure cobalt islands on Pt(1 11) showing a triangular 
pattern of partial surface dislocations appearing bright and marking Co atoms adsorbed on bridge sites. (b) 
STM image of Co islands after the exposure to 0.05 Langmuir (L) O» showing selective oxygen adsorption 
starting at the steps removing the partials. (c) STM image of Co islands after exposure to 0.3 Langmuir of 
O». Only a small fraction of the larger islands have still the native strain relief pattern in their center, the 
remaining Co covered surface is transformed into an oxygen-induced 3 x 3 structure [58]. 


MOKE measurements show that partial oxidation modifies the temperature de- 
pendence of y(T) in two ways. The temperature at which the maximum occurs is 
reduced, and the maximum taken on by yı(T) increases (Fig. 13a). This apparently 
strange effect can be understood with the help of a qualitative argument. The island 
MAE K strongly depends on the perimeter atoms. Thus, for a very small amount of 
oxygen, for which only the island edge is oxygen covered due to the selective adsorp- 
tion at step sites [62], the anisotropy strongly drops. The island magnetic moment is 
less sensitive to oxidation and decreases proportionally to the oxidized fraction of the 
island. As can be seen from Fig. 13, this model also holds quantitatively [58]. It also 
explains the oxygen-induced compression of the MAE distribution reflected by the 
observed compression of the y»(T) curves. 
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Figure 13: In-phase zero-field susceptibility (a) and out-of-phase zero-field susceptibility (b) as a function of 
temperature for pure and oxidized cobalt islands [58]. 
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4. SUPERLATTICES OF UNIAXIAL MONODOMAIN ISLANDS 


The bit density on magnetic hard disks has been increasing at a constant pace for 
many years [4]. This development creates technological challenges, such as reliable 
reading and writing of the bits; however, it also prompts the question after the fun- 
damental ultimate density limit of magnetic recording. This question can be addressed 
by studying model systems consisting of periodically arranged ferromagnetic mono- 
domain particles each of them potentially storing one bit. Ideally, the particles should 
have out-of-plane magnetic anisotropy since this minimizes mutual dipolar interac- 
tions. In order to achieve the required uniform write fields and read signals, the 
particles have to be uniaxial and the distributions of moments M and magnetic an- 
isotropy energies K have to be narrow. 

Several approaches have been used for the creation of such model systems. Exam- 
ples are 2D superlattices of size-uniform 3D nanoparticles produced by colloidal 
chemistry or by precipitation [63], uniform shells with well-aligned easy magnetization 
axes [64] were produced by deposition onto superlattices of polystyrene particles, 
and self-assembly of equidistant 2D islands during atomic vapor epitaxy onto single- 
crystal template surfaces has led to the most uniform magnetic properties at the 
highest densities [16]. However, none of these approaches has so far led to the desired 
model system. The 3D nanoparticles will be a very promising material, once uniaxial 
particles with aligned out-of-plane easy axes can be achieved. The approach based on 
colloid lithography [65] has to be extended to smaller sizes, and self-assembly onto 
template surfaces has to be extended to bi-metallic and slightly larger particles in order 
to achieve blocking temperatures above 300 K. In the following, we present the results 
so far achieved with the latter approach. 


4.1. Self-assembly of equidistant islands 
The stress resulting from lattice mismatch in heteroepitaxial systems, and from missing 
bonds of the surface atoms often leads to weakly incommensurate surface layers. On 
close-packed surfaces, these layers have surface partial dislocations (domain walls) 
marking transitions between fcc- and hcp-stacking domains. These dislocations can be 
well localized, or extend over many lattice sites giving rise to smooth stacking tran- 
sitions as in moiré patterns. The dislocations order into regular patterns due to the 
long-range repulsive interactions which for metals are mediated by elastic deformations 
extending far into the substrate. The density of dislocations is given by the achieved 
strain relief and can be adjusted in heteroepitaxial systems by the misfit between film 
and substrate elements. Examples for periodic dislocation patterns are the herringbone 
(v3 x 22) reconstruction of Au(1 1 1) [66], moiré patterns [67], or dislocation networks 
[68, 69] observed for metallic multilayers. For many systems, the surface partial dis- 
locations represent strongly repulsive line defects for diffusing adatoms [70-72]. Their 
influence on nucleation can go as far as to drive the most perfect layer-by-layer growth 
yet observed [73]. However, they can also create sites with preferential incorporation of 
the deposited species [74]. Independent of the exact mechanism, the combination of 
ordered dislocations and their strong influence on adatom diffusion can often be em- 
ployed to grow periodic arrays of almost monodisperse islands [37]. 

Concerning the magnetic properties of such superlattices, the most studied system is 
Co on Au(1 1 1) [42, 48, 75, 76]. We therefore discuss first nucleation at the elbows of 
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Figure 14: (a) STM image of the herringbone pattern characterizing the mesoscopic order of the Au(11 1)- 
(V3 x 22) reconstruction [66]. (b) Ni nucleation on that surface at room temperature takes place at the 
elbows of the reconstruction (0 = 0.11 ML) leading to Ni islands aligned in rows along the (1 1 2)-directions. 
(c) 0 = 0.14 ML [77]. (d) Site-selective incorporation of Ni into the first Au monolayer is revealed by 
deposition at 350 K giving access to the embedded Ni islands (0 — 0.002 ML) [74]. 


the Au(1 1 1)-(4/3 x 22) reconstruction. Figure 14a shows the clean Au(1 1 1) surface 
with the (1 1 2)-oriented partial dislocations which are imaged 0.20À higher than fcc- 
areas and therefore appear bright. Stress relief is unidirectional in the (4/3 x 22) unit 
cell. Along (1 1 0) there are 23 surface atoms on 22 bulk atoms, corresponding to a 
4.394 compression, while the atomic distances remain the bulk value along (1 1 2). To 
achieve overall isotropic surface stress, a well-ordered mesoscopic pattern of two 
domains with alternating orientation of + 120° evolves on large terraces. Deposition 
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of Ni at room temperature leads to monolayer high Ni islands lined up along the 
elbows of the herringbone reconstruction pattern (Fig. 14b and c). 

Ordered nucleation was initially believed to be caused by diffusing Ni adatoms being 
attracted toward the dislocation elbows by a higher binding energy there [77]. Due to 
the present knowledge, however, order results from site-selective exchange of Ni atoms 
with Au surface atoms [74]. The exchange is localized at the elbows where a close- 
packed atomic row terminates, giving rise to Au atoms with reduced lateral coordi- 
nation which are especially susceptible to exchange or incorporation processes. The 
embedded Ni clusters, comprising four to five atoms each, are clearly detected as 
depressions in Fig. 14d. The site-selective exchange is followed by preferential nucle- 
ation of Ni adislands on top of substitutional Ni islands. Very similar order has also 
been found for Co [78, 79], Fe [80, 81], and Rh [82]. The mechanism is believed for all 
these systems to be identical to the one of Ni. The argument given by Meyer et al. is 
that the elements Ni, Co, Fe, and Rh have a larger surface free energy and heat of 
sublimation than Au [74]. In line with this argument, ordering is absent for elements 
with lower values of these quantities such as Ag [83] and Al [72]. However, 
Al/Au(1 11) exhibits exchange at 7 245 K [84, 85], showing the limits of this pre- 
diction solely based on bulk quantities. 

Ordering by site-selective exchange is specific to Au(11 1) and related vicinal sur- 
faces, and to elements of the periodic table exhibiting exchange on these surfaces. 
A more general approach relying on pure adatom diffusion on dislocation networks 
has been suggested [14]. Dislocations may confine adatoms by their repulsion to the 
unit cell into which they are deposited leading to the nucleation of exactly one island 
per unit cell. The repulsion of adatoms extends over some lattice sites avoiding nu- 
cleation close to the dislocation which would result in their overgrowth and create 
bridges between neighboring cells. In addition, fcc- and hcp-domains often have 
different adatom binding energies leading to one preferential nucleation site within 
each unit cell. Therefore, the potential energy surface seen by the diffusing adatom has 
a global minimum per supercell from which it goes smoothly upwards toward the 
edges. A similar distribution of binding energies may be realized on moiré patterns, 
one recent example being Ir/graphene/Ir(1 1 1) [86]. 

For ideal confinement, the size distribution is determined by the statistics of dep- 
osition into the unit cells. The probability of finding k atoms deposited within a unit 
cell with a size of n substrate lattice sites is a binomial distribution P(k) = Gp. 
This distribution has a standard deviation of e = ,/q/np, where p = 0 denotes the 
coverage in ML units, and q = 1-p. For Ag nucleation on 2MLAg/Pt(1 1 1)-(25 x 25), 
the measured size distribution was with o = 0.20 wider than o = 0.12 expected for 
ideal confinement at the coverage p = 0.10 and cell size n = 625 [14, 87]. Under ideal 
conditions, size distributions as narrow as o = 0.04 are expected (0 = 0.50, n = 625) 
but await experimental confirmation. 

For magnetic elements, one often finds exchange or incorporation at random sites 
destroying order and therefore requiring careful choice of the template. While Co and 
Fe did exchange down to 50 K on 2MLAg/Pt(1 1 1)-(25 x 25), a template consisting of 
2MLCu/Pt(11 1)-(13 x 13) [89] enabled the growth of ordered arrays of triangular 
monolayer high Fe and Co islands (see Fig. 15). Cu(1 11) is unstable upon exchange 
with Co down to 170 K [90], therefore low deposition temperatures had to be used. This 
led to the formation of three small clusters per unit cell which were subsequently 
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Figure 15: (a) STM image of the (13 x 13) dislocation network of 2ML Cu on Pt(1 1 1) [88]. (b) Periodic 
arrangement of trigonal monolayer Fe islands formed by deposition at 744, = 100K and annealing at 
Tann = 250K onto the surface shown in (a) (0 = 0.10 ML) [14, 88]. (c) Triangular Co islands obtained on 
2MLCu/Pt(111)-(13 x 13) (0 = 0.10 ML, Taep = 90K, Tann = 200 K) [88]. 


transferred by gentle annealing into a single triangular island. From the surface free 
energies, Cu tends to cover Co and also Fe. Very different degrees of intermixing have 
been reported for Co/Cu(11 1). Early studies report etching of Cu for room temper- 
ature deposition of Co [91] and coexistence of both elements in islands [92]. Embedding 
of 3ML high Co islands by one layer into Cu(1 1 1) upon deposition at 150 K [90], and 
entire capping of Co with Cu upon annealing to only 300 K have been reported [90, 93]. 
More recent studies investigating the electronic structure and therefore being very 
sensitive to intermixing are contradictory on the degree of intermixing. Pure Co adlayer 
islands for deposition at 290 K and subsequent rapid cooling, and intermixing upon 
deposition at 345 K are reported [94], while Co islands created at 300 K are reported to 
be surrounded by a few atoms wide Cu seam, independent of the speed with which the 
sample is quenched to low T [95]. Therefore, it is not excluded that a small fraction of 
the islands shown in Fig. 15 consists of Cu, even though the STM images show no 
direct evidence of this. 

The preceding examples use templates exhibiting phase shifts between subsequent 
terraces. The last example uses Au(11 1) vicinal surfaces and thereby enables phase- 
coherent lattices over the entire crystal since atomic steps are used as nucleation sites. 
For appropriate orientation of the miscut, these surfaces exhibit energetically stable 
B-steps ({1 1 1}-microfacets) which, for not too small miscuts, are equidistant over the 
entire crystal due to elastic repulsions [96]. The (11 1)-oriented terraces exhibit the 
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Figure 16: (a) STM image of the Au(788) surface. The corrugation due to the terrace levels has been 
subtracted in order to enhance the reconstruction lines [97]. (b) STM image showing 0.2 ML Co deposited on 
Au(78 8) at 130K and annealed to 300 K. Co forms bilayer islands organized into a phase-coherent super- 
lattice with a unit cell of 3.5nm x 7.0nm, corresponding to a density of 26 Tera-islands/in.* (Inset) Size 
distribution with mean island size S = 70 atoms and HWHM, = 14 atoms; N, denotes the abundance of 
islands with size s [16]. 


(/3 x 22) reconstruction with domain walls running perpendicular to the step edges 
and being aligned from terrace to terrace (see Fig. 16a for the case of Au(78 8)). 

Nucleation of Co takes place at the crossing of the domain walls and the steps 
[96, 97]. Figure 16b shows a typical pattern of double-layer Co islands obtained by 
depositing 0 = 0.2 ML Co onto Au(7 8 8) at 130 K and subsequent annealing to 300K. 
This two-step process significantly increases the degree of order [96] with respect to 
direct deposition at 300 K [97]. The island size distribution in the inset of Fig. 16 is well 
reproduced by a Gaussian fit with c = 20% which is close to the best value obtained 
for colloid particles. Comparing the Arrhenius representation of the island density 
with kinetic Monte-Carlo simulations including traps and exchange (insertion) yielded 
perfect agreement between simulation and experiment for trap energy Ejrap = 0.28 eV 
and a barrier for insertion Eins = 0.78eV, compared with a diffusion barrier of 
Em = 0.120 + 0.002 eV [98]. 

However, Au vicinal surfaces present difficulties in growing bi-metallic islands due 
to exchange and incorporation. The ideal template, with a period of 50-100 Å, in- 
ducing magnetocrystalline out-of-plane anisotropy, and enabling annealing of the 
magnetic islands without intermixing, has yet to be discovered. We close by noting a 
few other templates which might be worse further investigation [99]. Moiré structures 
[100, 101] are quite promising since they can also be formed by thin sulfide [102], oxide 
[103], or nitride [104] films which are chemically more stable than metal surfaces. Very 
uniform cluster arrays were obtained for V [105] and Pd [106] on Al,03/Ni3Al(1 1 1)— 
(V/67 x ./67)R48°, while so far the clusters with magnetic elements, such as Fe, are less 
well ordered on this template [107]. While the lattice constant of the template is 
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normally a fixed number given by the misfit of overlayer and substrate, the lattice 
constant of 2D alloy layers is a function of their composition and generally given by 
Vegard’s law. This enables growth of templates with adjustable supercell size, as has 
been shown for Au,Nij_, layers on Ni(1 1 1) [100]. Also, buffer layer assisted growth 
[108], where the metal atoms are evaporated onto an inert gas buffer which is sub- 
sequently desorbed, is a very promising approach since it enables formation of 3D 
clusters which may then land onto the surface. Monodisperse 3D clusters can be 
produced by combining cluster source with energy filter and mass selection [109]. 
These clusters can be soft-landed onto metal surfaces preventing fragmentation and/or 
incorporation into the substrate [110]. The latter two techniques produce size uniform 
but randomly spaced clusters. Uniform spacing may possibly be achieved by using 
these techniques on template surfaces. 


4.2. Uniform magnetic properties of Co islands on Au(78 8) 

The magnetic properties of the lattice shown in Fig. 16b were characterized by XMCD 
and MOKE. The spin (ms) and orbital (m) moments of the Co atoms in the 2D 
islands have been determined by means of XMCD for a superlattice with a coverage of 
0 = 0.35 ML, leading to a mean size of 120 atoms per island. Figure 17a shows the 
X-ray absorption spectroscopy (XAS) data for both helicities recorded under normal 
incidence at the Co L» 5 absorption edges (2p to 3d transitions) and at a magnetic field 
of 5 T saturating the sample. From the resulting XMCD spectrum, ms and m, can be 
derived by means of the sum rules [111, 112]. The angular dependence of my is dis- 
played in Fig. 17c and shows that the sample easy axis is within the error bars the 
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Figure 17: (a) XAS spectra for 0.35ML Co on Au(788) taken at normal incidence (y = 0°, T= 10K, 
B= 5T, B,4 = 2.5 T). u+ and u_ are spectra recorded with left and right circularly polarized light, the 
difference is the XCMD signal. (b) Magnetic field and incident beam are parallel and form an angle y with 
the surface normal. (c) Orbital moment m, as a function of y. The line corresponds to the fit with Eq. (4). 
After Ref. [16]. 
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surface normal, in agreement with the results for Co islands on Au(1 1 1) [42, 48]. The 
data suggest a slightly canted easy axis since the highest m, value is found at y ~ —15°. 
This is expected due to the fact that the Co islands are attached to substrate steps [113] 
which breaks the symmetry in the direction perpendicular to the steps. However, for 
simplicity and since the data do not provide significant support for a slight canting we 
assume the easy axis to be out-of-plane. The perpendicular and parallel component of 
the orbital moment, mı, and pi, are therefore given by 


my (y) = mi + (mij — mı, ı)sin’(y) (4) 


This gives my, = (0.46 +0.05) ug and my imi, , = (0.11 +0.01) ug. Applying the 
sum rules and the formalism described in Refs. [111, 112, 114], a spin moment of 
ms = (1.7 0.1) ug per Co atom was found, close to the bulk value [115]). 

The MAE distribution of the Co islands was determined by considering a superlattice 
of slightly larger islands created by repeating the deposition and annealing sequence 
previously described in coverage steps of at most 0.3 ML. This procedure allows a linear 
increase of the island size preserving a narrow size distribution until the onset of co- 
alescence (HWHM, = 32% for a coverage of 0 = 0.75 ML (see Figs. 18a and b). The 
zero-field susceptibility 7(7), shown in Fig. 18c, has a sharp peak at 7, = 50 K marking 
the transition from the blocked state to the superparamagnetic one. This transition 
takes place in a narrow temperature window of about 15 K, indicative of a very narrow 
MAE distribution. A fit with Eq. (1) taking into account the real size and perimeter 
length distributions, measured by analyzing the geometry of more than 2000 islands 
acquired by STM, and assuming K = pE” and M = smc, with mco = mi, + mg = 2.2 ug 
reproduces the experimental data very well with ET = 0.8-- 0.1 meV/atom. 

A consistency check of the MOKE and XMCD measurements was done by com- 
paring the islands MAE measured with both techniques. The mean island size of the 
sample studied with XMCD is s — 120 atoms, with p — 55 atoms situated at the rim. 
Therefore, M = 264 ug and from MOKE K = pE” = 44t 5 meV. The anisotropy of 
m, measured by XMCD, is linked to the magnetocrystalline anisotropy energy per 
atom, Ey, by [42, 116-118] 


Emc = (m = Mi) (5) 
HB 

with č = 70meV, the Co spin-orbit coupling constant [42], and « accounting for 
the fact that the exchange splitting is generally smaller than the width of the band 
[114, 118]. Since MOKE determines the total anisotropy K = Eyct Eshape, the shape 
anisotropy has to be subtracted. Assuming circular island geometry one estimates 
Eshape = —0.08 meV/atom, favoring in-plane magnetization, which yields an MOKE 
value of Eyjc = 0.45+0.04meV/atom. This value meets the one estimated with 
XMCD assuming & = 0.23+0.02 in agreement with previously reported estimates of 
a = 0.2 [117]. 

Figure 18d shows the particles MAE distribution derived from the perimeter length 
distribution and the value of ET Similar to the size distribution, the X distribution has 
a Gaussian shape. However, its HWHM is with 17% almost a factor of 2 smaller than 
the size distribution having 32%. This is explained by the MAE assumed to be given 
by the perimeter length, which in 2D has a distribution half as wide as the one of 
the size. The second remarkable feature is that the value of 17% is less than half of the 
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Figure 18: (a) STM image showing the surface morphology for a Co coverage of 0 = 0.75 ML. Coalesced 
islands are encircled by dashed white lines. (b) Size and perimeter length distribution. (c) (T), the solid line 
represents the fit calculated by assuming K to originate from the perimeter atoms. (d) MAE distribution used 
to fit x(T) in (c) [16]. 


best result so far achieved for colloid particles [5]. For the 3D colloid particles, the 
nonuniformity at the surface and the competition between several causes of anisot- 
ropy, such as faceting, strain, or shape anisotropy, may give rise to several easy axes 
per particle. In addition, these axes are randomly oriented from one particle to the 
next leading to dipolar interactions, which altogether explains the relatively wide 
anisotropy energy distribution [11]. Figure 18 shows that ordered arrays of uniaxial 
out-of-plane nanostructures grown by MBE may achieve much more narrow MAE 
distributions than anticipated based on the size distribution alone [16]. 

The system is also characterized by negligible dipolar interactions between the is- 
lands. Similar to the case of Co/Pt(1 1 1) discussed above, one can exclude interactions 
in looking at the decay of y(T) above T. This decay is steeper than 1/T as expected for 
a non-interacting uniaxial system. A second independent evidence for the absence of 
interactions was derived by growing a sample with a bimodal size distribution due 
to the coexistence of noncoalesced and coalesced Co islands. For this sample, y(T) was 
reported to display a clear double peak which is only possible if the macrospins of the 
two island sizes can fluctuate individually [16]. Similar estimations than above of the 
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stray field of all other islands acting onto a given island suggest that the islands 
moment can be increased by a factor of 10 still not giving rise to interactions. This is 
very promising since it theoretically enables an increase of Tẹ by a factor of 10 and 
thus realization of a superlattice of uniaxial out-of-plane particles which are blocked 
up to above room temperature. 


4.3. Array of room temperature blocked nanoparticles: Co pillars on Au(1 1 1) 

The Co dots on Au(788) show very good uniformity of the spatial and magnetic 
properties; however, their blocking temperature of about 50 K 1s too low to present a 
model system relevant for applications. A step forward in the direction of producing a 
long-range ordered array of room temperature blocked nanoparticles was accom- 
plished by Fruchart et al. [41, 119]. The authors succeeded in fabricating vertical self- 
assembled Co pillars on Au(11 1) which increases the size of the Co islands usually 
grown on Au(111) and with it their MAE, while keeping the in-plane periodicity 
unaltered. 

The surface morphology following the pillar growth sequence is shown in Fig. 19. 
As a first step, 0.2 ML Co are deposited on Au(11 1) at 300K which produces 2 ML 
high Co islands located at the elbows of the herringbone reconstruction. Subsequently, 
the surface is covered with the amount of Au necessary to fill the space between the 
islands and to complete 4 ML above the substrate. During this deposition step, the 
temperature is raised from 425 to 475K. The distance between bulk hcp Co(000 1) 
layers is with 2.05 A smaller than the one of Au(11 1) (2.35 À). In agreement with this 
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Figure 19: Pillar-growth illustrated by STM views of the uppermost surface layer. For steps (a)-(c) right 
panels show the surface profile in STM line scans and a schematic sample cross-section. (a) 0.2 ML Co 
deposited onto Au(111) at 300K leads to 2ML high islands located at the elbows of the Au(111)- 
(v3 x 22) reconstruction (image size 250 x 250 A). (b) After deposition of Au up to completion of four 
atomic layers (600 x 350 A). (c) After deposition of the second layer of Co dots (600 x 250 A), (d) STM 
image of ordered 2 ML high Co islands (left) and pillars grown by deposition of 10 Co/Au bilayers (right, 
different area). Insets show enlargements revealing the Au reconstruction [41, 119]. 
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geometrical consideration, the buried islands appear as an array of 0.6 A deep hollows 
(Fig. 19b). As a third step, 0.2 ML of Co are deposited at 500 K. This is the amount of 
Co needed to increase the height of the previous Co islands by 2ML. The newly 
deposited Co atoms displace the Au and go on top of the buried dots, as can be 
inferred from Fig. 19c. The array now displays hollows and islands. The hollows are 
about 1.2A deep, i.e., four times the difference of layer spacing between Co and Au, 
suggesting that the dots are now indeed four atomic layers high. 

This implies a double-layer place-exchange between deposited Co atoms and Au 
atoms covering the buried Co dots from the previous layer. Subsequently, the amount 
of Au required to complete a smooth fifth layer is deposited at 500 K. The situation is 
then similar to that after step two. Starting from this point and maintaining the 
temperature at 500 K, the sequence can be repeated and preserves order up to 16 cycles 
(Fig. 19d). This is consistent with the fabrication of continuous pillars of nearly pure 
Co on Au(1 1 1) with an aspect ratio of about 2:1 (height over diameter). For 80 Á high 
pillars, a blocking temperature of 300 K was reported [119]. However, the temperature 
dependence of the remanent magnetization suggested magnetic interactions between 
adjacent pillars, which could contribute to the observed high blocking temperature. 


5. MAE AND MAGNETIC MOMENT OF SINGLE ATOMS 


In the previous sections, we discussed examples demonstrating the link between magnetic 
properties and atomic coordination. Moving from bulk ferromagnets to the edge atoms 
of 2D islands deposited on low-index single-crystal metal surfaces may increase the 
MAE from a few tens of neV/atom to 1 meV/atom. This trend is expected to continue 
moving from small islands, where the lateral coordination is still 2-6 down to single 
adatoms. Recent experiments [46] confirmed calculations predicting magnetic anisotro- 
pies of the order of 10 meV/atom [120, 121], i.e., 10° times larger than bulk anisotropies. 

Adatoms due to their zero lateral coordination are predicted to have spin and 
orbital magnetic moments in-between those of bulk compounds and free atoms 
[120, 122]. Gas-phase transition metal (TM) atoms possess large mg and m; , according 
to Hunds rules, which are due to intra-atomic Coulomb interactions. In a solid, 
electron delocalization and crystal field effects compete with these interactions, caus- 
ing a substantial decrease of mg and partial or total quenching of mı. Such effects have 
been predicted to be strongly reduced in TM impurities at non-magnetic surfaces 
owing to the decreased coordination [120], with implications also for the appearance 
of significant magnetic anisotropy. TM clusters in the gas phase have shown a strong 
dependence of the total magnetic moment (ms m; ) on the particle size [123, 124]. 

In the first part of this section, we discuss the XMCD results of Co adatoms and 
small islands on Pt(1 11), giving hard experimental numbers on K, my, and ms, for 
single adatoms up to islands of 40 atoms. We then turn to Fe, Co, and Ni adatoms on 
K thin films showing different degrees of hybridization revealing the electronic ground 
state configuration. 


5.1. Single Co atoms and small islands on Pt(1 1 1) 
Single atoms and small islands have been created by statistical and kinetically con- 
trolled growth of Co on Pt(111) [37]. The Co/Pt system was chosen in order to 
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Figure 20: (a) STM image of isolated Co adatoms on Pt(111) (0 = 0.010ML, 85 x 85 À). (b) L32 XAS 
spectra of sample shown in (a) (T = 5.5+0.5K, B = 7 T). (c) Magnetization curves at 09 = 0° (black sym- 
bols) and Uu = 70° (gray symbols) (T = 5.5 K). (d) XMCD spectra (u+—u—) obtained for 0, = 0 and 70°. The 
dashed line is the integrated XMCD at 09 = 0° [46]. 


maximize the MAE effects, since hcp-Co presents the largest MAE among 3d ferro- 
magnetic elements (0.045 meV/atom compared with, e.g., 0.005 meV/atom for Fe). In 
addition, CoPt alloying in the bulk-ordered Llo phase results in an MAE increase up 
to 0.8 meV/Co atom [125], owing to the strong spin-orbit coupling of the Pt 5d states. 
Figure 20a shows an STM image of isolated Co adatoms obtained by depositing 
0.01 ML at T — 5.5 K, for which thermal surface diffusion is completely inhibited. 
Figure 20b shows the XAS spectra of the Co L» 3 edges using left and right circularly 
polarized light in the total electron yield mode. The XMCD signal (Fig. 20d) is the 
difference between the XAS spectra recorded for parallel (u+) and anti-parallel (u_) 
alignment of the photon helicity with respect to the applied field B. Fields of up to 7 T 
were used to magnetize the sample. For 09 = 0° field and light are along the surface 
normal, for 70° the sample is strongly tilted as shown in the inset of Fig. 20b. The 
spectra at 09 = 70° have been normalized to the (u+ + u_)—-L; intensity at 09 = 0? in 
order to eliminate the dependence of the electron yield on the sample orientation. 
The XAS spectra show relatively weak absorption features compared with the Pt 
background due to the extremely low concentration of Co adatoms. However, the 
XMCD signal is very large relative to the total Co absorption signal, indicating the 
presence of strong magnetic moments localized at the Co atoms. Two magnetic prop- 
erties are characteristic of the single Co adatoms. First, the vanishing intensity of the 
XMCD at the L» edge indicates unusually strong orbital magnetism. Second, the large 
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difference between the in-plane and out-of-plane M(B) curves (Fig. 20c) reveals an 
extraordinary MAE. According to the XMCD sum rules [111, 112, 115], mp = 
1.10.1 up/atom is measured along to the easy axis (0 = 0°) [46]. This value is smaller 
than 3 ug of a gas-phase Co atom, but much higher than in bulk, where m; is usually 
reduced to 0.1-0.2 ug owing to the hybridization of the d-states. The explanation lies 
with the reduced coordination of an isolated atom adsorbed on top of a flat surface, 
favoring d-electron localization and thus the survival of atomic-like character in the 3d 
orbitals. The presence of such a large orbital magnetization has significant conse- 
quences for the magnetic anisotropy. 

The MAE E, was determined by measuring the component of the adatom mag- 
netization parallel to B, with B applied along the surface normal and tilted to it by 
00 = 70°. The data points in Fig. 20c represent the peak of the L4 XMCD intensity 
at 778.6eV divided by the pre-edge intensity at 775eV as a function of B, which 
corresponds to a good approximation to M(B). The difference between the 09 = 0° 
and 0 9 = 70° curves is consistent with the XAS-normalized XMCD spectra. The 
solid lines are Langevin fits to the data assuming uniaxial anisotropy yielding 
E, = 9.3+1.6meV/atom, which is an exceptionally large value [46]. Typical systems 
with high MAE are SmCos (E, = 1.8 meV/Co atom [125]), Co/Pt, Co/Au multilayers 
LE, ~0.3 meV/Co atom [44, 117]), and 1D Co atomic chains (E, = 2.0 meV/Co atom 
[59]). Different effects combine in establishing the magnitude of the MAE for the Co 
adatoms. The reduced coordination leads to 3d-electron localization (band narrow- 
ing), which augments the spin-orbit energy due to increases in the local density of 
states near the Fermi level and the orbital and spin magnetic moment [116, 126]. 

The influence of the atomic coordination on the MAE and m, is revealed by meas- 
urements on small 2D islands. Figure 21 reports m, and E, as a function of n for 
Co,/Pt( 11). The smaller n, the larger are the m, and E, dependences on changes of 
the cluster size. Particles with n = 3 and 4 atoms have m; reduced to 0.78 +0.05 and 
0.59 +0.05 ug/atom, respectively. One-atom variations of the particle size cause sig- 
nificant reductions of E,: for n = 3 atoms, E, = 3.3+0.4meV/atom, only about 30% 
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Figure 21: (a) m, and (b) E, as a function of average island size n for Co,/Pt(1 1 1). For comparison, the 
dashed lines show E, of the Lio CoPt alloy and hcp-Co, respectively. The error bars on the horizontal scale 
represent the standard deviation of the size distribution as determined by STM [46]. 
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Figure 22: Ab initio calculations of E, and m, for Co/Pt(111) using the spin-polarized-relativistic 
Korringa-K ohn-Rostocker Greens function method in the spin-density approximation [46]. The Co atoms 
are on fcc sites. The m; values in brackets have been computed within the orbital polarization scheme with a 
50% reduced Racah parameter. The reported values are averages over all constituent atoms, atoms at 
different sites within the islands may well have relevant differences in E, and m, (see Ref. [127]). 


of the single adatom value. Ab initio calculations show that the atomic coordination 
rather than the absolute particle size is the key to determine m, and E, [46, 127] (see 
Fig. 22). In the experiment, different shapes coexist for each cluster size and the size 
distribution has a finite width. This makes impossible discerning anisotropies of, e.g., 
elongated from triangular trimers, having according to the calculations 3.7 and 
2.2 meV/atom, respectively. 

Comparison between Fig. 21a and b also demonstrates the correlation between my 
and E,, as expected from a perturbative treatment of the spin-orbit interaction. Ac- 
cording to Bruno [116] and van der Laan [126] E, is directly related to the anisotropy 
of m,, and in TM atoms with more than half-filled d-shells the easy axis is the 
direction where m, is maximum. In the experiment, the incomplete saturation of the 
magnetization close to the direction of the hard axis (Fig. 20c) does not allow a precise 
estimate of the mj, anisotropy via the XMCD sum rule for the orbital moment. 
However, it is clear that a large m; anisotropy, hence large E, values, can be observed 
only if m, itself is large, thus explaining the observed correlation between E, and m, 
reported in Fig. 21. In addition to the large orbital moment of Co, the magnetization 
induced in the substrate creates additional MAE due to the strong spin-orbit coupling 
of the Pt 5d-states, an effect common to CoPt compounds [128]. The effect of the 
interaction with the substrate is well revealed by the quite different magnetic prop- 
erties observed for Co adatoms on alkali metal films, for example K. In contrast to Pt, 
the outer electronic shell of K has s-character, i.e. L — 0. In this case the spin-orbit 
interaction is expected to be absent. 


5.2. Magnetic impurities on alkali metals 

The degree of hybridization of the electronic states of magnetic adatoms or of very 
small islands with the substrate determines to which extent the magnetic properties are 
described by discrete values of the magnetization or by a continuum of values, as in 
classical magnets. The magnetization as a function of external field under equilibrium 
conditions 1s in the first case described by the Brillouin function in the latter by the 
Langevin function. The fact that the Langevin function had to be used for Co/Pt(1 1 1) 
suggests that the Co moments behave as classical magnetization vectors emerged in an 
anisotropy potential energy surface created by the substrate lattice. It is anticipated 
that under these conditions magnetization reversal takes place by crossing of the 
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anisotropy barrier, and not by tunneling, as e.g. observed for single molecule magnets 
which couple less strongly to their environment [129]. Similarly, single adatoms on 
metal surfaces covered by a few monolayer thick oxide films are expected to have less 
hybridization, to preserve more of their atomic electronic structure and consequently 
to show stronger effects of quantization of the magnetic moment [130]. 

The differences of hybridization and electronic ground state configuration become 
apparent when comparing different magnetic adatoms on different metal hosts. We 
discuss XAS and XMCD data probing the local electronic and magnetic structure of 
Fe, Co, and Ni impurities deposited on K and Na films [131]. K and Na films were 
evaporated onto a clean Cu(1 1 1) substrate. Transition metals were subsequently de- 
posited in minute quantities, 0.002-0.015 ML, at T= 10K in order to obtain isolated 
impurities. XAS at the L23 edges was performed in total electron yield mode using 
circularly polarized light with 99% polarization in magnetic fields up to B= +7T 
with the sample at T= 10K. 

Figure 23 shows the XAS and XMCD spectra recorded for Fe, Co, and Ni im- 
purities deposited on a K film. The XAS spectra present narrow multiplet structures 
which are not observed for single Co atoms on Pt(1 1 1). This is a clear indication of a 
strong localization of the 3d electrons on the transition metal impurities. The multiplet 
structure serves as a sensitive fingerprint of the electronic ground state configuration 
which can be determined by comparison of the experimental spectra with those cal- 
culated by atomic multiplet theory. The spectra shown as insets correspond to the 
3d" 5 2p?3d" * ! transitions calculated in zero crystal field with an atomic value for the 
spin-orbit splitting. The comparison of experiment and theory allows unambiguous 
determination of the respective ground states, i.e., d" (Fon) for Fe, d? (F4) for Co, 
and d? CDs) for Ni. These correspond to a magnetic moment m = g;ug4/J(J + 1) 
(here J denotes the generalized angular momentum and not the magnetic exchange 
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Figure 23: XAS and XMCD spectra of the L23 edges recorded with parallel (solid line) and anti-parallel 
(dashed line) alignment of the light helicity with respect to the field direction. (a) 0.015 ML Fe, (b) 0.015 ML 
Co, and (c) 0.004 ML Ni deposited on K films. The insets of (a) and (b) show the corresponding calculated 
spectra [132] for atomic d" and d? configurations [131]. 
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energy as above) of about 6.6 ug for Fe, 5.6 ug for Co, and 3.6 ug for Ni. These values 
are sensibly higher than the bulk values of 2.2 ug, 1.7 ug, and 0.6 ug, respectively. 
Another interesting feature is represented by the XMCD at the L> edge which has 
opposite sign with respect to bulk spectra for Fe and Co, whereas it is zero for Ni. The 
last observation is understood from the ground state configuration d? which does not 
allow L» edge transitions, corresponding to the J = 5/2 J = 1/2 excitation which is 
forbidden by the dipole selection rule [133]. 


6. SPATIALLY RESOLVED MEASUREMENTS OF SPIN POLARIZATION OF 
MAGNETIC ISLANDS 


Magnetic random access memories (MRAMs) will possibly replace our current dy- 
namic random access memories (DRAM ) due to their shorter access time, and to the 
fact that they are non-volatile [134]. A typical MRAM architecture consists of an 
array of magnetic cells, each consisting of two ferromagnetic layers separated by an 
insulating barrier. The cells can be designed so that the magnetic moments of the two 
layers can be parallel or anti-parallel. These states allow a bit of information to be 
stored. The magnetization of one electrode of the spin-valve is pinned by exchange 
bias [135], while the orientation of the magnetization of the free layer is controlled 
by magnetic fields generated by electrical currents. The state of the cells is read by 
the tunnel magnetoresistance (TMR). In recent literature, the TMR is defined as 
(Ra — Rp)/Rp, with Ra and R, being the junction resistance for anti-parallel and 
parallel magnetization of the two ferromagnets, respectively. 

MRAMs began to be considered seriously when two groups reported TMR values 
of 10% at room temperature [136, 137]. The breakthrough was achieved by using 
amorphous aluminum oxide barriers to make pin-hole-free tunnel barriers. Calcula- 
tions suggested that much higher values of TMR could be realized by using crystalline 
rather than amorphous barriers [138, 139]. It was predicted that tunneling through 
crystalline barriers of materials depends strongly on the symmetry of the wave func- 
tions at the Fermi energy. It turns out that the states with the most symmetric wave 
functions can get through certain barriers much more easily than states with lower 
symmetry. Some ferromagnetic materials, for example, body-centered-cubic (bcc) Fe, 
FeCo, and Co, have the property that the high-symmetry state is present for the 
electrons with majority spin but not for minority electrons. When the moments are 
parallel, the high-symmetry majority electrons can get through the barrier and enter 
the electrode on the other side. When the moments are anti-parallel, the high- 
symmetry majority electrons in one electrode can get through the barrier, but they 
cannot enter the electrode on the other side unless there is a scattering event that 
breaks the symmetry. Experimentally, very large values of TMR at room temperature 
have recently been reported. By using molecular beam epitaxy to produce crystalline 
interfaces, TMRs of 220 and 410% have been observed with Fe(100)/MgO(1 0 0)/ 
Fe(100) [140] and Co(100)/MgO(100)/Co(100) [141] magnetic tunneling junctions. 

Nanoparticles could play a leading role in the development of future MRAMs. 
When magnetic nanoclusters are deposited on a non-magnetic substrate charge trans- 
fer, multiple electronic scattering and interference phenomena generally govern the 
electronic and the magnetic properties of the combined system. For example, surface 
states of non-magnetic noble metal substrates, such as Cu(11 1), turn spin polarized 
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Figure 24: (a) and (b) Schematic drawing of the experimental setup for measuring the vacuum TMR 
between an Fe-coated W tip and a Gd(000 1) island on W(110). (c) Tunnel conductance d//dV for parallel 
and anti-parallel alignment of tip and sample magnetization (T = 70 K). (d) Resistance changes as function 
of bias voltage [142]. 


and attain a different character when Co nanoislands are added to the substrate 
surface [94, 95]. Such spin-polarized surface states (SP-SS) can serve as spin-transport 
channels across the vacuum barrier to or from another magnetic material, an issue 
which is of central importance for spintronic applications based on spin-polarized 
tunneling. STM experiments by Wiesendanger et al. indicate that TMR is maximized 
by tunneling to a SP-SS [142]. The experimental situation is schematically depicted in 
Fig. 24. An Fe-coated W tip, prepared by in situ thin-film deposition in a UHV system 
containing a variable-temperature STM, is positioned above a Gd(0001) island 
grown on a W(110) substrate. Gd islands of a few 100 nm diameter exhibit a very low 
coercivity on the order of 11 mT. Therefore, an external field of a few mT applied in 
the sample plane was found to be sufficient for switching the magnetization direction 
of the Gd islands while leaving the magnetization state of the Fe coated tip unaffected. 
With the feedback loop open, the bias voltage V was ramped between —0.6 and 0.8 V 
and the differential conductance d//dV(V) was measured. This signal is approximately 
proportional to the LDOS at the position of the tip. 

Figure 24c shows two conductance curves corresponding to the experimental sit- 
uations depicted in Fig. 24a and b. Pronounced maxima are observed in both spectra 
at Vj = —0.2V and V» = 0.45 V corresponding to the energies of the two spin com- 
ponents of an exchange-split d? surface state of Gd(000 1). The asymmetry between 
spectrum (A) and (B) is due to the spin-valve effect enhancing the conductance for the 
surface-state spin component being parallel to the majority spin states of the tip and 
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reducing it for the anti-parallel component. The resistance change as function of bias 
voltage is plotted in Fig. 24d. It reaches 31% (TMR = 45%) for the filled and 13% for 
the empty part of the two spin components of the exchange-split surface state. 
TMR values up to 850% were reported for STM tunnel junctions formed by out- 
of-plane magnetized ferromagnetic bilayer Co islands on Pt(1 11) and an anti-ferro- 
magnetic Cr-coated W-tip [143]. Co double-layer islands were created by deposition of 
0.40 ML on the Pt(1 11) substrate held at 130K and subsequent annealing to 340K 
[39]. The -9.4% misfit between Co and Pt leads to partial dislocations in the first layer 
[58], whereas in double-layer islands the stress is relieved by a moiré structure 
[144, 145], see the superstructure on-top of the islands in Fig. 25a. When imaged with a 
Cr-coated W-tip, in addition to the corrugation of the moiré, one clearly discerns two 
island species by an apparent height difference (see Fig. 25b). This contrast is magnetic 
since it is only obtained with magnetic tips (either Cr-coated W-tips, or NiMn 
bulk-tips), and it vanishes above the island blocking temperature of Ty = 180K, in- 
dependently determined by means of MOKE measurements [39]. The MOKE meas- 
urements also reveal out-of-plane magnetization in agreement with the fact that spin 


(b) 





















































| 1 
0 600 1200 1800 0 400 800 1200 1600 
x [A x [A] 


Figure 25: (a) Constant current STM image of double-layer Co islands recorded with a bare W tip. The 
moiré structure has an apparent height corrugation of 0.30+0.03A (Tsampe = 140K, V, =—0.2V and 
I, = 1.0nA). (Bottom panel) Constant current profile obtained by averaging over +5 line scans around the 
marked position. All islands appear with identical heights irrespective of their magnetization (absence of spin 
contrast). (b) Constant current STM image of double-layer Co islands recorded with a Cr-coated W tip 
(Tsampte = 140K, Ti 2:280 K, V, = -0.2 V, I, = 0.3 nA). (Bottom) Averaged (+5 lines) line scan at the 
indicated position revealing a surprisingly high difference of 1.1 +0.1 A in the apparent height of islands with 
opposite magnetization [143, 147]. 
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contrast is only observed with a Cr coating thickness of 20-40 ML reported to give 
out-of-plane polarization of the tip [146]. The magnetic contrast typically amounts to 
Az = 0.20+0.05Ä, but occasionally values as high as Az = 1.1+0.1Ä were also 
measured (see Fig. 25b). The contrast in apparent height can be converted into a 
TMR-value as follows: 


Ra — Rp 


AR/R= 





= 2 — 1 = exp( A/dAz) — 1 (6) 


where $ is the average over the work-functions of tip and sample and A= 
o —1 
24/2m,/I* = 1.025eV-'7 A . Assuming a typical value of d — 4eV yields TMR 


values of AR/R = 50-- 1594 for Az = 0.2 À and AR/R = 850+200% for Az = 1.1 Å, 
respectively. 
The junction polarization is derived from the magnetic contrast by 


Ip—Ia _ exp(Ay/Az) - 1 
Il, exp(Ay/Az) + 1 


One finds P = 0.20+0.05 and 0.80+0.04 for Az = 0.20+0.05A and Az = 1.1+0.1A, 
respectively. P = 0.20+0.05 is comparable with polarization values reported between 
Co(000 1) surfaces and amorphous Co-based alloy tips [148]. However, 80% polariza- 
tion of the tunnel barrier implies a polarization of the Co islands of at least 80%, about 
two times larger than the value determined by Andreev reflection for Co bulk [149, 150]. 
This can be rationalized by the low dimensionality of the islands increasing the density of 
states at the Fermi level, or by k-selective tunneling leading to a higher polarization 
than the state averaged value. The strong polarization of the tip, which must have 
been close to 100% in this experiment, can possibly be caused by chemisorbed species 
at the tip apex. 

Recently, a theoretical work suggested the modulation and control of the spin- 
polarized surface states based on an appropriate design of the nanostructure geometry, 
such as the size of the islands [151]. The idea consists in the spatial and energetic tuning 
of the spin polarization of islands by means of quantum confinement. Figure 26 reports 
the result of calculations for equilateral triangular islands of Co on Cu(11 1). 

This prediction was experimentally confirmed by Pietzsch et al. by using a low- 
temperature STM with a Cr-coated W-tip [152]. Figures 27a and b show d//dV maps 
at bias voltages allowing to observe the standing wave patterns on both the Cu 
substrate and on the Co islands. The contrasts between islands are due to their mag- 
netization being oriented either up or down, that is, parallel or anti-parallel to the tip 
magnetization. The contrast inversion between (a) and (b) is not caused by a mag- 
netization reversal of either tip or sample, but is the result of contributions to the 
LDOS from states of opposite spin, their relative weights depending on the applied 
bias. The chromium at the tip has an electronic structure dominated by minority spin 
states near the Fermi level [153], allowing a very effective tunneling between tip and 
sample minority states for parallel magnetization of both electrodes. The bias voltage 
of Fig. 27a has been chosen in a range where the main contribution to the sample 
LDOS comes from the dispersive majority spin state which is responsible for the 


P=P,Ps= 





(7) 
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Figure 26: Spin polarization of surface-state electrons on triangular Co islands on Cu(1 1 1); calculations are 
performed for E = 0.5eV above Er [151]. 


standing wave pattern. Therefore, the islands exhibit inverted contrast for energies 
higher than about —0.065 eV. 

In a narrow energy window between 0.18 and 0.43eV above the Fermi level, the 
islands return to normal spin contrast as shown in Fig. 27b. In this interval an un- 
occupied localized minority spin d-state outweighs the majority band. Figure 27c also 
shows the effect of electron confinement, manifest in the evolution of the standing 
wave periods as a function of bias voltage. The inset of Fig. 27c allows for a com- 
parison of the dispersive behavior of the Co islands and the Cu substrate. Both data 
sets were fitted (solid lines) assuming a 2D free electron gas, confined for Co but not 
for Cu. While the Cu values match the fit parabola very well, the Co data display a 
steplike structure. The effect of SP-SS on the Co patterns is displayed in Fig. 27d 
showing d//dV profiles taken along lines as indicated in Fig. 27a for bias voltages 
being representative for ranges of inverse, balanced, and normal spin contrast. In each 
case, the standing wave amplitude is found to be significantly larger on the anti- 
parallel island, regardless of the sign of the bias-dependent spin-polarization. The 
amplitude ratios of the parallel and anti-parallel case are 0.49, 0.40, and 0.32 at the 
respective voltages. Qualitatively, this behavior is explained as follows. Because the tip 
has an effective negative SP within the energy range relevant for the standing wave 
observation, tunneling into the oscillatory majority surface state band is not very 
efficient for the parallel configuration. By contrast, in anti-parallel magnetized islands, 
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Figure 27: Co islands on Cu(111) (0 = 0.6 ML, T = 14K). (a) and (b) d//dV maps at indicated bias voltages 
showing standing wave patterns on Cu substrate and Co islands. Arrows indicate parallel (7 1) or anti- 
parallel (1 |) magnetization of islands and tip. (c) Standing wave periods on Co islands as a function of bias 
voltage. (Inset) E-Er vs. k for Co and Cu. (d) d//dV profiles taken along lines indicated in (a). Regardless of 
the bias voltage, the standing wave amplitude is larger on the anti-parallel island [152]. 


the role of minority and majority spins is exchanged with respect to the tip. As a 
consequence, the oscillatory state in anti-parallel islands has the matching spin char- 
acter for an effective tunneling of the excess tip minority spin electrons, resulting in an 
enhanced scattering amplitude. Only delocalized sample majority electrons take part 
in the LDOS oscillations while localized minority d-like electrons do not. Still, the net 
balance of contributions from majority and minority states to the sample LDOS 
determines the overall contrast between the islands which may be normal or inverted 
(or balanced at the point of sign inversion), depending on the bias voltage; the stand- 
ing wave pattern is then superimposed onto this background signal. 

The experimental data did not reveal any spin-induced modification of the Cu os- 
cillation pattern in the immediate vicinity of oppositely magnetized Co islands. 
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However, a remarkable feature was found in the island rims. The spin character of the 
rim state is opposite to that exhibited by the island at the corresponding energy, 
emphasizing that the spin polarization, on a lateral scale of a few angstroms, may not 
only change its magnitude but also its sign, depending on the electronic states involved. 


7. CONCLUSIONS AND OUTLOOK 


Experiments of small well-defined magnetic islands have significantly improved our 
understanding of orbital magnetism. Orbital moments and anisotropy energies have 
been determined for Co/Pt(11 1) as function of island size from single atoms up to 
large islands. They reveal a direct link between preserved orbital moments in low- 
coordinated atoms and their high anisotropy. From thin film studies these effects were 
anticipated, however, the order of magnitude of the anisotropies was a surprise. Co 
step atoms reach anisotropies of very hard magnetic alloys and Co adatoms have 
10 times higher values. This implies blocking temperatures of Co monomers of 
Ty = 4.3 K (K = 9.3meV), while due to the steep decrease of anisotropy with in- 
creasing coordination a Co heptamer has 7, = 3.2 K (K = 7 meV). By contrast, due to 
the different moments, the coercitive field of monomers (m — 5 ug) is 32 T, while the 
one of heptamer (m — 21 ug) is 6 T. 

For larger islands, the mechanism of thermal magnetization reversal has been seen 
to vary from system to system. As anticipated, compact islands show coherent ro- 
tation up to larger sizes than ramified ones. Also, the Curie temperatures of the first 
are larger than for the latter. The transition between the two reversal modes can be 
calculated knowing the exchange stiffness J, which is only known for bulk and films of 
several ML thickness. Therefore, SP-STM measurements of the width of domain walls 
in monolayer films are very valuable. 

SP-STM has been developed as a reliable tool for the determination of spin- 
polarization and tunnel magneto-resistance of junctions with 2D islands. However, 
de-convolution of tip and sample polarizations remains a challenge and one has to rely 
on calculations. SP-STM may also be used in the future to locally check whether the 
above-mentioned blocking temperatures are indeed characterizing individual islands. 
This is worthwhile since thermal magnetization reversal may take place along a 
direction of M which has not been explored in the XMCD measurements of K. 
Whether single magnetic atoms or small islands behave a classical moment or have 
quantized orientations of M, and under which conditions they reverse by thermally 
activated barrier crossing or by tunneling depends on the interaction with the subst- 
rate and is expected to vary from metals to insulators. 

Although progress has been made, the self-assembly of regular lattices of uniaxial 
out-of-plane islands with 7j = 350K, absence of dipolar interactions, and narrow 
distributions of K and M continues to be a challenge. New promising template surfaces 
have been discovered possibly enabling also the growth of superlattices of bi-metallic 
particles. Bi-metallic islands promise to have higher anisotropies for given size and 
therefore will be interesting to investigate again by combination of atomic scale and 
spatially integrating techniques. At the end, one would like to grow upstanding pillars 
since then also the shape anisotropy favors out-of-plane easy axis and the pillars can 
reach high blocking temperatures while taking only little space in the sample plane. 
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Chapter 12 


Electronic structure and magnetic properties of small deposited transition 
metal clusters 
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D-22761 Hamburg, Germany 


1. INTRODUCTION 


Small clusters are intriguing systems because their physical and chemical properties lie 
somewhere in between the properties of their atomic or molecular constituents and the 
respective bulk solids. For larger clusters, specific physical quantities typically emerge 
as a smooth function of the size of the clusters. This evolution is often a result of the 
changes in the average coordination of the constituents as a function of cluster size. If 
the cluster size gets comparable to or smaller than the wavelength of the electrons 
which determine the physical properties, we enter the regime where quantum size 
effects become important. In this size regime the evolution of physical quantities 
becomes less predictable, and typically adding or removing a single atom or molecule 
from a cluster may result in very significant changes (as schematically illustrated in 
Fig. 1). However, small clusters have the advantage that they present tractable systems 
for sophisticated high-level theoretical treatments. Hence, small clusters are an ideal 
playground for the test of theoretical models against experimental results. 

Clusters represent prototypical nanosystems since their size is in the range of a few 
nm or less. Their physical properties can potentially be tailored for specific applica- 
tions. Ideally this should be possible by simply changing the size of the clusters. In 
practice for technological applications, clusters have to be either deposited on a 
substrate, embedded in a matrix, or covered individually by protective layers so that 
the interaction of the clusters with the respective environment plays a very important 
role for their properties. 

In this contribution we will concentrate on the electronic structure and the magnetic 
properties of small transition metal clusters in contact with metal surfaces. We will 
focus on the discussion of results which have been obtained in our group in recent 
years with X-ray spectroscopic techniques making use of tunable high-brilliance, 
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Figure 1: The figure illustrates the typical evolution of a physical quantity (y(n)) as a function of cluster size 
(n number of cluster constituents). 


variable polarization soft X-ray sources at modern storage rings. Hence, the main 
examples will be iron and chromium clusters in the size range below 15 atoms in 
contact with ferromagnetic surfaces such as nickel and iron. Before discussing these 
results, findings for free transition metal clusters will be briefly reviewed to set the 
stage for the discussion of the supported clusters. Also, here we will present only a 
small subset of the results which are published in the literature. The examples we took 
are chosen to illustrate certain features which are also important for the discussion of 
the supported clusters and are by no means complete. 


2. DISCUSSION 


2.1. Small isolated transition metal cluster 

In this section we will present a few selected experimental results for gas-phase tran- 
sition metal clusters to highlight some important aspects of their electronic structure 
and magnetic properties which are of relevance for the following discussion of the 
supported clusters. For the discussion of the theoretical models of free cluster mag- 
netism we defer to the chapter by Gustavo Pastor. 


2.1.1. Electronic structure 

The detailed investigation of the electronic structure of small isolated clusters has so 
far been limited to spectroscopic studies of the outermost electronic levels. For small 
clusters in the size range below 100 atoms, a detailed investigation of the electronic 
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structure is only sensible for a size-selected cluster sample since in this regime every 
atom counts. Since size-selected cluster beams with this mass resolution are very dilute 
targets, a measurement of the electronic structure in a photoemission experiment is 
only possible using a powerful laser as a light source. However, the typical laser 
sources available have photon energies below 10 eV, which then limits these studies to 
the outermost electronic levels and is the reason why so far photoemission studies on 
small isolated clusters have been performed almost exclusively on anions. 

An important aspect which is also highly relevant for magnetism is the degree of 
localization of the outermost electronic wavefunctions. This localization changes when 
we go from a single atom via a more molecule-like small cluster to bigger solid-like 
clusters. While in the single atom electrons are of course highly localized and Coulomb 
and exchange interaction of the electrons determine their energies, for the bigger entities 
the possibility to lower the kinetic energy by delocalization becomes more and more 
important. It has been shown for the s- and p-derived states that already for quite small 
clusters, the electronic wavefunctions are in fact delocalized over the whole cluster. 

For the discussion of the magnetic properties of 3d and 4d transition metal clusters, 
the behavior of the transition metal d-states is essential. In a very simple tight-binding 
picture which can be used to a first approximation for d-electrons, the degree of 
localization, i.e., the bandwidth of the transition metal d-states will depend on the 
probability for an electron to hop to a nearest-neighbor site and the average coor- 
dination of the atoms. Hence we expect an increasing delocalization when the cluster 
size is increased. However, due to the fact that the hopping probability is quite small, 
the d-levels remain very localized [1] for many systems. To fully understand the 
changes in localization of the d-states, s-d-hybridization effects have to be included. 
These effects are indeed observed to have become more important with increasing 
cluster size using high-resolution photoelectron spectroscopy. In these studies it has 
been shown that s-d-hybridization sets in for Ni-clusters with roughly n> 10 [1-4], 
Co-clusters in the size range above 20 atoms [3-5], and Fe-clusters roughly above 25 
atoms [6]. For Cr-clusters, a more complicated pattern showing even—odd alternations 
has been observed which results from a particularly strong Cr-dimer bond as a struc- 
tural subunit [7]. Although here these distinct features disappear above roughly 
n — 25. For the 4d clusters only results for Pd have been reported, where the tendency 
for stronger delocalization is observed in a similar size range as that for Ni [1]. 

To conclude this subsection, from the detailed photoemission results it is obvious 
that transition metal clusters with a size below 20—30 atoms should exhibit particularly 
interesting magnetic properties due to the strong localization of the d-electrons. 


2.1.2. Magnetic properties 

The appearance or absence of magnetism for transition metal solids is very often 
discussed in the framework of the Stoner model for itinerant magnetism. In this 
model, it is assumed that the relevant d-electron states form bands due to d-d and s,p-d 
hybridization. The question whether there is a net spin moment of the d-electrons 
depends on the competition between the gain in exchange energy due to spin polar- 
ization and the increase in kinetic energy which results from such a spin polarization. 
In the Stoner model, this results in the Stoner criterion that magnetism is only ob- 
served if the product of g(Erp) -T> 1, where g(E7) is the density of states at the Fermi- 
level and J an atomic exchange integral. Indeed, within this model only Fe, Co, and Ni 
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Figure 2: The figure illustrates the expected changes in the band structure as a function of atomic coor- 
dination when going from bulk solids to surfaces and clusters. 


turn out to be magnetic. It is obvious that a decrease in bandwidth as a result of 
decreased atomic coordination will result in a higher density of states at the Fermi- 
level (as depicted in Fig. 2) and hence an increased tendency to magnetism. 

This is indeed what is observed in experimental and theoretical studies of the mag- 
netism of isolated clusters. Experimentally, the magnetic moments of gas-phase clusters 
are studied in Stern-Gerlach experiments, where a cluster beam enters an inhomoge- 
neous magnetic field, and the force resulting from the interaction of the magnetic 
moments and the field gradient leads to a deflection of the beam. From the size of 
the deflection one can calculate the size of the total magnetic moment of the cluster. 
However, it turns out that this analysis is by no means straightforward (see Refs. [8, 9] 
for a recent discussion). 

Firstly, small clusters with a net magnetic moment per individual atom and a 
ferromagnetic exchange interaction between the atomic moments are typically super- 
paramagnetic, i.e., they behave like a paramagnet with a large magnetic moment given 
by the sum of the atomic moments. The large total moment results from the fact that 
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the ferromagnetic interaction leads to single domain particles (for small particles, 
introduction of domain walls to minimize the magnetic energy would cost too much 
exchange energy). However, at finite temperatures above the so-called blocking tem- 
perature this domain has no preferred orientation with respect to the symmetry axes of 
the particle since the magnetic anisotropy energy is too small to lead to a fixed ori- 
entation. 

Secondly, in the Stern-Gerlach experiments typically only a deflection of the cluster 
beam in the direction of increasing magnetic field is observed fundamentally different 
from the atomic case. This indicates that the clusters in the beam apparently relax to 
the magnetic ground state. In order to conserve energy and angular momentum, this 
has to be related to coupling between spin and rotations. Recently, it was proposed 
that there is no thermal relaxation process involved since cold clusters show the same 
behavior [9]. The authors instead invoke an adiabatic transition with increasing mag- 
netic field due to avoided crossings in the energy diagram of the Zeeman levels as a 
result of spin-rotation coupling. The Langevin-like behavior is then explained as an 
ensemble average over different clusters in the beam. 

Independent of a detailed understanding of the relaxation process involved the 
Langevin function has been successfully used to determine the magnetic moments per 
atom for size-selected cluster beams. For the 3d transition metals investigated (Co, Fe, 
Ni, and Mn), in all cases an increase of the total magnetic moment per atom is 
observed with decreasing cluster size [10—25]. While in the size regime between roughly 
50 and 700 atoms a gradual decrease in the magnetic moments per atom 1s observed, 
which can be attributed to a smooth transition from surface coordination to bulk 
coordination, below 50 atoms a rapid increase of the magnetic moments and large 
oscillations with cluster size are also found. Obviously, here the details of the elec- 
tronic and geometric structures play an important role for a detailed understanding of 
the magnetic properties. In similar experiments, quite large magnetic moments have 
even been observed for 4d transition metal Rh-clusters in the size range below 20 
atoms [26], while for Ru- and Pd-clusters non-magnetic behavior has been found [27]. 

To summarize this subsection, enhanced magnetic moments are found for small 
transition metal clusters. A detailed analysis in terms of a separation of spin and 
orbital moments and an analysis of anisotropy energies as a function of size have so 
far not been possible for free metal clusters. 


2.2. Small supported transition metal cluster 

In the following we will discuss experimental results obtained for small size-selected 
metal clusters deposited on single crystal surfaces. We will also cite theoretical results 
directly related to the experiments. However, for a detailed discussion of the theory of 
magnetism of deposited clusters we again defer to the chapter by Gustavo Pastor. 


2.2.1. Electronic structure 

So far there have been only very limited attempts to study the evolution of the elec- 
tronic structure of size-selected small transition metal clusters supported on a surface. 
Pioneering photoemission experiments on Pt, Au, and Pd clusters on silica and on 
Ag(1 10) have shown that it is very difficult to obtain a clear picture of the size 
dependence of the valence electronic structure [28-34]. The problems are associated 
with the large background from the underlying substrate which has to be subtracted 
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Figure 3: The shift of the Cr-L5 resonance position for Cr-cluster on Fe with respect to the value for the 
adsorbed Cr-atom is shown as a function of the number of cluster atoms. The upper curve shows calculated 
results, while the lower curve shows experimental results. 


and with the difficult interpretation of shifts in energy which could be a result of 
changes in the ground-state properties and/or in the excited-state properties. 

We have recently investigated the size-dependence of the X-ray absorption reso- 
nances resulting from transitions from the spin-orbit split 2p-levels to the unoccupied 
3d-states for size-selected Cr-clusters deposited on ultrathin Fe films grown epitaxially 
on a Cu(100)-surface [35]. The observed shifts in the resonance position with in- 
creasing cluster size are depicted in Fig. 3 together with calculated values obtained 
using FEFF to theoretically model the X-ray absorption spectra [36]. For the cal- 
culation the substrate was modeled using a large Fe-cluster, and for the Cr-clusters 
planar clusters were assumed in agreement with theoretical predictions for the 
respective most stable structures [37]. 

Experiment and calculations show a similar trend, i.e., a monotonous shift toward 
larger transition energies, which appears to saturate for larger clusters. The exper- 
imental results are in good agreement with similar results obtained previously for 
Cr-clusters on an Ru(00 1)-surface [38]. The calculations show that the observed shifts 
are directly related to the coordination of the cluster atoms and hence can be inter- 
preted as a result of the increasing delocalization of the d-electrons with increasing 
cluster size. 

To summarize, detailed knowledge about the electronic structure of small size- 
selected metal clusters is still lacking due to experimental difficulties to obtain 
high-resolution photoemission results. However, the results obtained so far appear to 
indicate that delocalization of the d-electronic states occurs in a similar size regime as 
that for free clusters. 


2.2.2. Magnetic properties 

In this subsection we will discuss results obtained on the magnetic properties of small 
deposited transition metal clusters. In contrast to the results for the free clusters, all 
the results for the deposited clusters have been obtained using X-ray magnetic circular 
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Figure 4: Orbital magnetic moments vs. number of cluster atoms for Co on Pt(1 11). Note that the bars 
given for the number of atoms do not represent error bars, but rather are a result of the statistical nature of 
the deposition process (adapted from Ref. [41], with permission from Science). 


dichroism (XMCD) at third generation storage ring facilities, which provide highly 
brilliant soft X-ray radiation with variable polarization. In an XMCD experiment, one 
measures the resonant X-ray absorption cross-section for a spin-orbit split core level 
with right and left circular polarized light. It has been demonstrated that the difference 
between right and left circular absorption, i.e., the dichroism spectrum can be used for 
element-specific magnetometry. Using sum rules derived from considerations on 
atomic absorption spectra, one can even deduce spin and orbital moments separately 
from the dichroism signal [39, 40]. 

Figure 4 shows results for the variation of the orbital magnetic moments obtained 
with XMCD experiments for Co-clusters on Pt(1 1 1) [41]. 

In contrast to the results discussed below, these experiments have been performed on 
clusters which were grown epitaxially as a result of deposition of individual Co-atoms. 
Consequently, the clusters are not single-sized but a statistical distribution of cluster 
sizes is present on the surface. In the experiment, a tremendous increase of the orbital 
moments with decreasing cluster size is found. The changes in spin magnetic moment 
per atom are much smaller. The authors have been able to show that this increase 
in orbital moment per atom correlates well with an increase in magnetic anisotropy 
energy per atom. While calculations in the size range from one to five atoms are not 
able to reproduce the large orbital moments quantitatively, they do however 
obtain similar trends and the large increase in anisotropy energy. These results are 
particularly interesting since large anisotropy energies per atom would imply that 
medium-size clusters could be ferromagnetic even above 100 K provided the magnetic 
anisotropy energy would be equally high for these clusters. 

While the Co experiments were performed on transition metal clusters on a non- 
magnetic Pt-surface and hence had to be performed in a high external magnetic field to 
align the cluster moments, we have recently studied size-selected clusters on ferro- 
magnetic substrates which are permanently magnetized prior to deposition. For these 
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experiments we have built a UHV-compatible cluster source which can produce a 
mono-sized cluster beam of sufficient intensity to be able to prepare size-selected 
cluster on a clean single crystal surface [42]. Since we deposit mass-selected clusters 
we have to make sure that the clusters stay intact upon deposition. We avoid frag- 
mentation upon impact by using a soft-landing scheme [43, 44] where the clusters are 
deposited in an Ar-matrix of a thickness of ten layers, which 1s then desorbed prior to 
the experiment. To prevent agglomeration of the deposited clusters by atom diffusion 
or due to overlap resulting from the statistical distribution of clusters on the surface, 
we use an equivalent atom coverage below 0.03 monolayer and keep the substrate 
temperature around 20 K. 

In the first series of experiments we have investigated Fe-clusters on an Ni(1 00)- 
surface [45, 46]. 

Figure 5 shows in the top part experimental results for the spin magnetic moments 
per d-hole as a function of cluster size for the size range from two to nine cluster 
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Figure 5: Spin magnetic moments for Fe-clusters with size n supported on an Ni(100)-surface. The top part 
shows experimental results (spin moments/d-hole) [46], while the bottom part shows the calculated results 
(spin moments/atom) for the depicted configurations [47]. 
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atoms. Besides a general trend of a decreasing spin moment as a function of increasing 
cluster size, small oscillations are observed which lead to relative minima for cluster 
size Fe, and Fe, and respective relative maxima for the cluster sizes Fes and Fe;. In the 
bottom part, calculated spin moments per atom are presented [47] (similar values have 
been obtained in a different study [48]). The calculated values which are obtained for 
the cluster structures depicted in the figure follow the same general trend of a decrease 
of the spin moment per atom with increasing cluster size. Also, the small oscillations 
observed in the experiment are qualitatively reproduced in the theoretical results. 
A good comparison of the absolute values is difficult since in the experimental de- 
termination of the effective spin moments Ser = S+7T,, a contribution from the 
anisotropy of the charge distribution 77; is hidden which is not known a priori. 
Taking into account the number of d-holes from the calculations ng — 3.4 [48] and the 
calculated spin moments, we would arrive at a value of 77,~—0.8 per atom for 
the trimer and the larger clusters. While this value is below the value found for single 
atoms on alkali surfaces [49] the dimer value of 77,~—1.7 per atom would be much 
higher, indicating that in this case other effects like structural relaxation of the 
substrate might play an important role. The trends observed for the spin magnetic 
moments, and especially the tendency to show small odd-even oscillations can very 
well be understood in a model assuming a linear dependence of the spin magnetic 
moments per atom on the intracluster coordination of the atoms [47]. The maxima 
observed for Fes and Fe; are then easily explained because in going from the tetramer 
and the hexamer to the pentamer and the heptamer, respectively, a singly coordinated 
atom is added. As a consequence, the average spin moment per atom is higher than 
that for the compact (magic) structures. 

A particular strength of the XMCD spectroscopy is the possibility to disentangle 
spin and orbital magnetic moments. Figure 6 shows the orbital magnetic moments as a 
function of cluster size for the Fe-clusters on the Ni(100)-surface. 

The size of the average orbital moment is roughly 0.54, per atom, which is much 
higher than the bulk (m, = 0.05ug) or the surface value (m~0.1ug) for iron. In 
contrast to the observations for the spin moment, the experimental results show a 
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Figure 6: Experimentally determined orbital magnetic moments for Fe-clusters with size n supported on an 
Ni(100)-surface [46]. 
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Figure 7: The figure shows the X-ray absorption spectra at the Cr L23-edge obtained for Cr-dimers on 
Ni(100) for right and left circular polarized light and the resulting dichroism spectrum. 


large variation of the orbital moment when a single atom 1s added or subtracted from 
a particular cluster. Surprisingly, the lowest values are found for the trimer and the 
heptamer, while the hexamer shows the highest orbital moment. This is counter- 
intuitive since one would expect that the orbital moment is particularly large if the 
atomic coordination is small, similar to what is observed for the spin moment. How- 
ever, this seems not to be the case since the hexamer, for example, is a compact cluster 
with a higher average coordination of the cluster atoms than the trimer or the hep- 
tamer. To explain these findings is also theoretically challenging. It is very difficult to 
get accurate results for the orbital moments in the calculations since here a good 
description of correlation effects is extremely important. 

Recently, we have started to look at the magnetic properties of Cr-clusters deposited 
on Ni- and Fe-substrates. Surprisingly, we do not find an XMCD signal for the 
Cr-atoms, -dimers, or -trimers on Ni. The XMCD results at the Cr L» 5-edge for the 
Cr-dimers on Ni(100) are shown in Fig. 7. 

The absence of a dichroic signal for the dimer can be explained when we consider the 
fact that we have an anti-ferromagnetic intracluster exchange coupling between 
Cr-atoms, which for an isolated dimer of course leads to a zero total magnetic moment 
and consequently to a vanishing dichroic signal. For the deposited cluster, we have to 
take into account the cluster-substrate exchange coupling as well. In the case of 
Cr deposited on Ni, this coupling is anti-ferromagnetic as well. Already for the de- 
posited dimer this will lead to spin frustration and one could envision that conse- 
quently non-collinear spin structures should appear. However, calculations show [50] 
that the energetically most favorable state for the Cr-dimer is a collinear state where 
the dimer shows an anti-ferromagnetic intracluster coupling and a ferromagnetic 
coupling of one of the dimer atoms to the substrate while the second dimer atom 
is coupled anti-ferromagnetically to the underlying Ni-moments. This situation is 
depicted in Fig. 8. 

The calculations show that this arrangement is only stable if the two Cr-atoms sit in 
nearest-neighbor sites on the surface. As soon as the distance between the two dimer 
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Figure 8: The cartoon shows the orientation of the spin magnetic moments for the ground state of a 
Cr-dimer on an Ni(1 00) substrate [50]. 


atoms is increased, they will both couple anti-ferromagnetically to the Ni-spins and 
consequently the chromium spins will be oriented parallel. This is illustrated in Fig. 9. 

This behavior is a result of the fact that the intracluster exchange coupling is 
stronger than the cluster-substrate coupling. 

While this explains well the experimental results for the dimer, theory so far dis- 
agrees with experiment on the spin structure of the trimer and the coupling of the spin 
of the single atom to the underlying Ni-substrate. Theory [50] predicts that the trimer 
also prefers a collinear state where the Cr-atoms on nearest-neighbor sites are coupled 
anti-ferromagnetically. This leads to a net total magnetic moment of the Cr-trimer, 
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Figure 9: The cartoon illustrates the changes in the orientation of the Cr-dimer spins as a function of the 
distance of the dimer atoms [50]. 
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which is in contrast to our experimental finding. The absence of the dichroic signal for 
the trimer implies a non-collinear arrangement where the spins of the Cr-atoms are 
actually tilted strongly with respect to the surface normal since the experimental 
geometry — magnetization and photon helicity parallel to the surface normal — is 
sensitive to the projection of the magnetic moments on the surface normal only. 

Even more disturbing is the absence of a dichroic signal for the single atom in the 
experiment. It is quite clear from the calculations that the anti-ferromagnetically 
coupled state of the single Cr-atom to the Ni-substrate 1s energetically more stable. 
However, the experimental results seem to imply that the magnetic moments of the 
Cr-atoms may actually be fluctuating between the ferromagnetically and the anti- 
ferromagnetically coupled state. 

When we change to Cr-clusters deposited on ultrathin iron films epitaxially grown 
on a Cu(100)-surface, the situation is totally different. Here we observe a strong 
dichroic signal for Cr-clusters in the size range from two to thirteen atoms. Figure 10 
shows the X-ray absorption spectra for left and right circular polarization and the 
resulting dichroism signal at the Fe L> ;- and the Cr L» ;-edge for Cr3-clusters on Fe. 

From the sign change of the dichroism signal — positive at the L3-resonance and 
negative at the L>-resonance for the Fe-substrate and vice versa for the Cr-cluster — we 
can immediately conclude that the coupling between Cr3-cluster and Fe-substrate is 
anti-ferromagnetic. A detailed analysis of the evolution of the spin moment as a 
function of cluster size reveals, however, a decrease of the spin magnetic moment [51] 
by a factor of 4 from the atom to the Cr;s4-cluster. This decrease is an order of 
magnitude larger than the observed decrease for Fe-clusters on Ni (see above). 
Therefore, this cannot be a consequence of delocalization (average atomic coordina- 
tion), but has to be related to significant changes in spin structures. Theoretical in- 
vestigations, using the full-potential Korringa-Kohn-Rostoker Green function 
method with the possibility to treat non-collinear magnetism, have revealed that in 
the case of Cr-clusters on Fe the competition of intracluster exchange interaction and 
cluster-substrate exchange interaction leads indeed to complicated spin structures. In 
contrast to the situation for Cr-clusters on Ni, for Cr on Fe the cluster-substrate 
exchange interaction is stronger than the intracluster exchange interaction. As a con- 
sequence for the dimer, the cluster atoms prefer anti-ferromagnetic coupling to the 
substrate even so this implies ferromagnetic order between the two Cr-atoms. How- 
ever, starting with the trimer non-collinear spin structures result from spin frustration. 
The calculated projections of the spin moments on the surface normal agree quite well 
with the experimental findings up to the pentamer which is the largest cluster 
calculated [51]. Recent non-collinear tight-binding calculations [52] also show that 
non-collinear spin structures are the preferred ground state for Cr-clusters on Fe. 
However, the details of the spin arrangements and the resulting spin moments appear 
to be different for the two different theoretical models. 

The complicated spin structures observed for anti-ferromagnetic clusters coupled to 
ferromagnetic substrates which result from the competing interactions might actually 
also have interesting implications for the understanding of the interface phenomena 
responsible for the exchange-bias effect. 

To summarize, XMCD studies on deposited transition metal clusters are a pow- 
erful tool for a detailed understanding of the complex magnetic properties of these 
clusters. 
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Figure 10: X-ray absorption spectra for left and right circular polarization and resulting dichroism spectra 
(dash-dotted lines) for Cr3-clusters supported on Fe. The top part shows the dichroism signal from the Fe 
substrate at the Fe Lz ;-edge, while the bottom part depicts the dichroism signal obtained at the Cr-L» 3-edge. 


3. SUMMARY 


In the discussion above, we have tried to exemplify the very intriguing properties of 
small deposited transition metal clusters in the size range below 20 atoms. In this size 
range, fundamental aspects of the evolution of magnetic moments from the atom to 
the surface or bulk values can be studied. Furthermore, in this size range competing 
exchange interactions lead to the formation of complex spin structures for the clusters 
which involve quite often also a rearrangement of the spins in the first layer of the 
substrate. Ferromagnetic clusters show a strong enhancement of the spin magnetic 
moments and an even stronger enhancement of the orbital magnetic moments with 
decreasing cluster size. 
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It is important to stress that to understand magnetic properties of size-selected 
clusters in contact with surfaces in detail requires experiments which determine spin 
and orbital moments as a function of the number of cluster atoms. In this size regime 
every atom counts, therefore mono-sized clusters have to be investigated. Since the 
geometrical structure of the clusters has a profound impact on the magnetic prop- 
erties, it would be highly desirable to obtain information about structural properties of 
small metal clusters on surfaces. 

For the understanding of the evolution of the magnetic properties and especially the 
complex spin structures involved, strong theoretical support is absolutely necessary. 

For the future, we envision that high-field studies of magnetic properties for clusters in 
contact with non-magnetic surfaces in the weak-coupling limit will increase. Of course, it 
is also highly interesting to study deposited 4d transition metal clusters where theory 
predicts large magnetic moments for a number of different systems. We have in fact 
started first experiments on Ru-cluster with some quite surprising preliminary results. 
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Chapter 13 
Magnetic properties of deposited and embedded clusters 


C. Binns* 


Department of Physics and Astronomy, University of Leicester, University Road, 
Leicester LEI 7RH, UK 


1. INTRODUCTION 


Over the last few years, there has been a growing interest in the magnetic behaviour of 
clusters from a wide range of scientific disciplines. Magnetism in systems where the 
magnetic electrons are confined within a few atomic spacings is not as well understood 
as in either the atomic or the bulk regimes. This increase in interest has coincided with 
the development of technologies that can manufacture tightly controlled magnetic 
nanostructures including quantum dots, monolayers, self-organised islands, quantum 
wires and deposited clusters. Undoubtedly, much of the enthusiasm comes from a 
growing realisation of the enormous potential of magnetic nanostructures in the for- 
mation of high-performance magnetic materials and devices. 

The interest extends beyond the boundaries of mainstream physics and chemistry as 
magnetic clusters and nanoparticles have an important part to play in natural systems 
in a diverse variety of environments. An example is the MV-1 bacterium that manu- 
factures nanoparticles of magnetite arranged in chains to maintain alignment with the 
earth’s magnetic field [1]. Similar magnetite chains discovered in meteorites from 
Mars are considered to be the strongest evidence for the previous existence of extra- 
terrestrial bacteria [2]. Recent studies of mixed ferritin and magnetite nanoparticles 
reveal a similar magnetic behaviour to human brain tissue [3]. It has also been 
suggested that magnetic clusters play a crucial role in seeding the condensation of the 
interstellar medium to form free-floating planets [4]. 

This article will review the recent research on magnetic structures produced by 
forming clusters in the gas phase and depositing them on surfaces or embedding them 
in matrices. Due to the tight size control achievable, this has proved itself to be a 
powerful technique to produce and study clusters in a range of environments and to 
produce new materials. Over two decades ago, based on earlier work at Karlsruhe on 
cryogenic free jet expansions [5], the technology to produce beams of gas phase, size- 
selected metal clusters was developed [6]. In the case of magnetic particles, this 
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afforded the wonderful opportunity to study how magnetism in matter develops as a 
substance is built atom-by-atom from the monomer. Magnetism is well understood at 
the limiting scales of atoms and the bulk but in particles containing a few to a few 
thousand atoms (1—5 nm diameter), the magnetic behaviour depends on size and can 
change significantly with the addition or removal of a single atom. 

For particles smaller than about 5nm, either as free clusters or supported on a 
surface, the fundamental spin and orbital moments per atom can be substantially 
different to the bulk value as can the spin ordering within the clusters. This was 
originally discovered by magnetic deflection experiments using gradient magnetic 
fields applied to free clusters in flight [7, 8]. Thus, it was found that ferromagnetic 3d 
transition metal clusters have enhanced total moments [7-12], clusters of the para- 
magnetic metal rhodium become magnetic at sizes smaller than about 60 atoms [13] 
and ferrimagnetism was discovered in clusters of the antiferromagnetic metal Mn [14]. 

In addition to changes in the fundamental atomic moments and their spin ordering, 
there are important other size effects. Ferromagnetic clusters of the size discussed in 
this chapter (smaller than 10 nm diameter) are single-domain particles, that is, systems 
in which it is energetically unfavourable to form a domain boundary. These have held 
enormous fascination since the classic work of Stoner and Wohlfarth [15] and Néel 
[16] over half a century ago. The particles, notwithstanding complications such as 
canted spins at the surface [17-20], can be considered as giant moments of exchange- 
coupled atomic spins. At temperatures much lower than those required to perturb the 
internal alignment of the atomic magnetic moments, the particle moment as a whole 
can fluctuate over the anisotropy barrier separating different spin directions at time- 
scales varying from nanoseconds to eons. At low temperatures, there is interest in the 
possibility of the tunnelling of the magnetisation vector through the barrier — one of 
the few examples of macroscopic quantum tunnelling [21—23]. 

At T = OK, reversing the direction of the cluster magnetisation requires an external 
field to drive the magnetisation vector across the anisotropy boundary KV separating 
different magnetic alignments, where K is the anisotropy constant and V is the particle 
volume. At elevated temperatures when kT > KV, the anisotropy barrier becomes 
unimportant but the external field must compete with thermal fluctuations of the 
moment. In general, when a saturating field is removed from a particle (or an as- 
sembly) at temperature, 7, the magnetisation decays with a relaxation rate, t, that can 
be expressed by the Arrhenius relationship: 


EECH D 
where fo is the natural gyromagnetic frequency of the particles. For volumes typical in 
deposited transition metal clusters, observations must be done at cryogenic temper- 
atures (x 5 K) for the magnetic relaxation to be slower than measurement times using 
dc magnetometry. At room temperature, the thermal energy kgT is much greater than 
the anisotropy energy of each particle so that all magnetisation directions are almost 
energetically equal. The magnetisation of an assembly of N clusters in a field H is then 
described by the classical Langevin function: 


Hu H kgT 
M = Nu [cot KH - 





mu 7 = Nu L(x) (2) 
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where io: is the magnetic moment of each cluster and x = Hju/kgT. This can be 
several hundred atomic spins and so, unlike isolated atoms where very low temper- 
atures or very high fields are required to achieve saturation, assemblies of clusters can 
be saturated easily. The temperature at which half the cluster moments have relaxed 
during the time of a measurement is known as the blocking temperature, Tg, and only 
a narrow temperature region around Tg separates, essentially, permanently frozen 
moments from superparamagnetic behaviour. The quest to find deposited clusters 
smaller than 5nm in which Te is above room temperature is an important challenge 
for future generations of magnetic recording technology. 

It is now known that isolated clusters maintain a significant enhancement of the 
magnetic moment per atom after they have been deposited on a surface [24-26] 
or embedded in a matrix [27]. As the flux from cluster sources has steadily improved 
[28, 29], the field has evolved to consider not just isolated clusters but films up to 
several micrometres thick built out of the pre-formed clusters. As shown schematically 
in Fig. 1, these can be deposited in conjunction with a vapour of another material to 
form a granular material of the particles embedded in a matrix [30]. This affords 
independent control over the grain size and volume fraction and it is even possible to 
affect some control over the cluster shape by adjusting the impact energy on the 
surface [31]. The flexibility of control increases further if the clusters are functionalised 
in the gas phase by making them out of more than one material [32-34] or as core- 
shell particles, for example, by a controlled oxidation [35, 36]. One can also modify the 
deposited films by post-processing, such as heating or oxidation [37] and depositing 
onto patterned substrates allows the formation of ordered assemblies of magnetic 
dots [38]. 

Another important characteristic of films produced by the co-deposition technique 
is that the clusters maintain their identity in a matrix of a material that alloys with that 
of the particles [39] enabling the production of nanoscale granular mixtures of miscible 
materials. This is not possible by any other fabrication technique. The degree of 
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Figure 1: Formation of a cluster-assembled film by co-deposition of gas-phase clusters and an atomic 
vapour from a conventional deposition source. 
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control over the nanostructure one achieves with cluster deposition enables one to 
optimise the magnetic performance of films for particular applications. Examples 
include maximising the giant magnetoresistance (GMR) of nanogranular films by 
embedding size-selected magnetic clusters in non-magnetic matrices [40, 41] or max- 
imising the saturation magnetisation in granular Fe-Co films produced by embedding 
Fe clusters in Co matrices or vice versa. It has been shown that this way it may be 
possible to achieve a magnetisation that exceeds the Slater-Pauling limit [42, 43]. 

In all such industrial applications, the required cluster volume fraction is high — near 
the percolation threshold or higher — so there are strong interactions between the 
clusters. Understanding the detailed nature of the cluster interactions has therefore 
become increasingly important. Inter-particle interactions produce a rich variety of 
magnetic configurations resulting from competing energy terms. The dipolar interac- 
tion introduces frustration as it is impossible to obtain an optimum alignment for 
every particle. In addition, there is frustration resulting from the competition between 
the inter-particle dipolar and exchange terms and the intra-particle anisotropy energy 
(magnetocrystalline, shape, magnetoelastic, etc.) that requires the magnetisation vec- 
tor to be aligned along specific axes in each particle. 

Although the metallurgy of cluster-deposited films would appear trivial, this is 
superficial, as the reality is a rich complexity of structure and magnetic behaviour. For 
example, the atomic structure is not always known even for the particles in the gas 
phase. When they are embedded in matrices, the structure and morphology is modified 
and becomes dependent on the matrix material. At very low volume fractions, nano- 
particle assemblies are superparamagnetic but as the volume fraction is increased, 
contact between the nanoparticles produces a strong exchange interaction and the 
effective particle size increases. Although the nature of the interfaces, for example, the 
degree of intermixing, is a largely open question, the effective increase in particle size is 
clearly seen in the magnetic behaviour. These agglomerates interact via dipolar forces 
and the assembly no longer follows a simple superparamagnetic magnetisation. When 
the volume fraction is increased beyond the percolation threshold, the frustration 
between the nanoscale random anisotropy and the exchange interaction produces 
spin-glass-like behaviour and a significant magnetic softening. Pure cluster films, even 
though they are composed of a single element, have a different magnetic behaviour 
to conventional thin films produced by depositing atoms. For example, they do not 
form domains but minimise the magnetostatic term by having a magnetisation that 
smoothly changes orientation with position [44]. 

For free clusters in the gas phase, up to now, the only specific magnetic probe 
available has been Stern-Gerlach deflection measurements, which can determine the 
total magnetic moment as a function of the number of atoms. However, if the clusters 
are deposited on to a substrate in sufficiently good vacuum to remain pristine, a whole 
raft of extra in situ experiments developed by surface scientists opens up allowing the 
determination of the electronic properties and structure. In addition, the orbital and 
spin magnetic moments per atom can be measured independently using X-ray mag- 
netic circular dichroism (XMCD). It also becomes possible to accumulate a sufficient 
density on a surface to 'switch on' inter-cluster interactions so that the effect of these 
on the magnetic behaviour can be determined. Section 2 summarises recent work on 
deposited clusters on various substrates including non-magnetic and magnetic mate- 
rials. Section 3 discusses the structural and magnetic behaviour of embedded clusters 
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in various matrices produced by co-deposition as in Fig. 1. This type of sample allows 
ex situ measurements so that conventional magnetometry becomes possible. New 
considerations here are changes in structure induced by the matrix material and elec- 
tronic and magnetic interactions with the matrix. Finally, Section 4 describes some 
possible technological applications of materials produced by depositing clusters. 


2. DEPOSITED CLUSTERS 


2.1. Morphology of films produced by depositing clusters 
In general, the morphology of cluster-deposited films depends on both the cluster and 
substrate materials and the kinetic energy of the incident clusters. Within the soft 
landing regime («0.1 eV per atom), the film topography varies from a random paving 
by individual clusters, when diffusion is limited, to large ramified islands composed of 
clusters when the cluster diffusion is significant. In the case of some simple metals, for 
clusters below a certain size, complete liquid-drop-like coalescence occurs to produce 
large particles. Case studies of all these different growth modes have been reported by 
several groups [45-49] and the data have been analysed using the deposition-diffusion- 
aggregation (DDA) model [49]. Changes in growth mode have been demonstrated as a 
function of cluster deposition energy [50] and of the density of substrate defects [48]. 
In the case of transition metal clusters like Fe or Co, only the random paving type of 
growth appears to occur. An example is shown in Fig. 2, which displays an in situ 
scanning tunnelling microscope (STM) image of Fe clusters deposited onto Si(11 1) in 
ultra-high vacuum (UHV). Although not every type of substrate has been studied by 
direct imaging techniques, the magnetic data to be presented in later sections show that 
at low cluster densities the behaviour is consistent with a collection of isolated particles 
with the same size as those deposited. This is true for a wide range of substrates 
including highly oriented pyrolitic graphite (HOPG), organic materials and various 
metals, so it is reasonable to assume that films produced by depositing magnetic tran- 
sition metal clusters always grow as a random paving by the nanoparticles. The mag- 
netic data also indicate that the anisotropy axes are randomly oriented, so it appears 





Figure 2: In situ STM images from Fe clusters deposited onto an Si(111) substrate showing a random 
paving morphology. 
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(a) (b) 


Figure 3: (a) Non-contact AFM image (900 x 900 nm) of 40nm thick film of Fe clusters with a mean 
diameter of 2 nm deposited on Si and capped with a 3 nm thick film of amorphous carbon for removal from 
the UHV system. (b) High-resolution (50 x 50 nm) image of the sample in (a) showing features with the size 
of the individual deposited particles (after accounting for tip convolution). Reproduced with permission 
from Ref. [43]. 


that films grow by clusters landing with a random orientation of their crystallographic 
axes at random positions on the substrate, where they stick. 

In thick cluster films in which there are many layers of the deposited clusters, the 
effective particle size, as indicated by the magnetic data, is much larger than a single 
deposited cluster. Large area AFM images, such as the one shown in Fig. 3a, obtained 
from a 40 nm thick film of deposited Fe clusters on Si also appear to indicate large 
feature sizes. Recent high-resolution images obtained in non-contact mode however 
(Fig. 3b) indicate that the individual deposited clusters can still be made out within 
the larger-scale morphology. Thus, the deposited particles, when they are in contact, 
are exchange-coupled and behave magnetically as larger particles but the crystalline 
orientation still changes randomly on the length scale of a single deposited cluster 
(72-3 nm). 


2.2. Magnetic measurements based on dichroism 
The most powerful techniques for studying the magnetic behaviour of deposited clus- 
ters are based on dichroism, that is, a dependence of X-ray absorption or photo- 
emission intensity on the relative alignment between the sample magnetisation and 
photon polarisation. XMCD involves, in the case of transition metals, measurement of 
the difference in L-edge X-ray absorption spectra obtained using circularly polarised 
X-rays with their angular momentum parallel or antiparallel to the sample magnet- 
isation. The orbital (mj) and spin (ms) contributions to the total magnetic moment can 
be determined independently and (in heterogeneous systems) for each element by 
applying magnetooptical sum rules to the absorption spectra [51, 52]. The experi- 
mental geometry, along with a typical pair of L-edge absorption spectra and their 
difference from a sample of Fe clusters on HOPG [25], is shown in Fig. 4a. 

More precisely, the technique measures the quantities: (L.) and (S; 7T.) per va- 
lence band hole, np, where (L.) and (S;) are the expectation values of the z (static) 
components of the orbital and spin angular momenta of the atoms and (T.) is the 
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Figure 4: (a) Standard geometry of the XMCD measurement, which measures the difference in L-edge 
absorption between parallel and antiparallel alignment of the magnetisation vector and photon angular 
momentum. The magnetic field is applied along the direction of the photon beam and at a variable angle, 0, 
relative to the sample normal. The inset shows the L-edge absorption and XMCD from a film of Fe clusters 
on HOPG [25]. (D MLDAD measures the difference in the 3p photoemission spectra (from 3d transition 
metals) taken with linearly polarised XUV light on reversing the magnetisation in the sample plane and 
perpendicular to the photon polarisation vector. (c) MCDAD measures the difference in the 3p photo- 
emission spectra taken with circularly polarised XUV light on reversing the magnetisation along the di- 
rection of the photon angular momentum. The inset shows MLDAD from an Fe film grown on CoSi [59]. 
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expectation value of the magnetic dipole operator given by 
1 
T= 55 — 3i(£ - S)] (3) 


This term averages to zero over all directions and does not contribute to the meas- 
ured magnetisation in conventional magnetic measurements but since the X-rays 
sample a directional cut through the atomic electron density, the term must be in- 
cluded in the sum rule. It can be eliminated, yielding the pure spin moment, by 
averaging measurements over all X-ray incidence angles, making a single measure- 
ment on a polycrystalline sample or, for samples with rotational symmetry about 
the substrate normal, making a single measurement at the ‘magic’ angle of 54.7° 
(= arctan, /2) [53, 54]. The number of valence band holes can be determined by 
measuring the integrated (white line) L-edge absorption strength, which is propor- 
tional to np, of a thick film of the same material in situ and comparing it to that of the 
clusters. One of the powerful attributes of XMCD is that, since it derives from an 
X-ray absorption edge, it is element-specific, thus it can determine, separately, the 
orbital and spin moments localised in different magnetic elements in heterogeneous 
systems, as demonstrated in Fig. 5. 

The only sources that emit a sufficiently high flux of circularly polarised X-rays to 
study nanostructures by XMCD are synchrotron storage rings. These produce cir- 
cularly polarised radiation of helicity either above or below the orbit plane of the 
electrons and also from insertion devices such as helical undulators [55]. 

Dichroism is also observed in the 3p angle-resolved photoemission spectra of 3d 
transition metals taken with linearly or circularly polarised light with the geometries 
shown in Fig. 4b and c. The techniques measure the difference in the spectra in 
response to reversing the alignment between the in-plane sample magnetisation and 
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Figure 5: L-edge absorption and XMCD measurements from Fe clusters coated with Co. 
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the linear polarisation of the XUV light (MLDAD [56]) or between the out-of-plane 
sample magnetisation and angular momentum of circularly polarised light (MCDAD 
[57]). Since angle-resolved photoemission spectra must be collected in zero field, the 
techniques are, in general, restricted to measuring remanence, but they are surface 
sensitive and capable of measuring sub-monolayer quantities of material. Also, it is 
possible to deposit clusters onto a magnetic substrate whose remanence keeps the 
clusters magnetised [58]. In fact, the exchange interaction between a clean magnetic 
substrate and deposited clusters is equivalent to a large applied field [59] but still 
allows photoemission measurements. As with XMCD, a synchrotron source must be 
used to provide the polarised XUV radiation and endstations at which light of variable 
polarisation is available can be fitted with movable magnetising coils allowing both 
geometries to be combined in a single experiment. This enables the comparison of in- 
plane and out-of-plane magnetisation. 


2.3. Magnetism in exposed clusters 

In this section, the behaviour of magnetic clusters deposited on a surface and left 
exposed to vacuum will be considered. Working in this regime requires that the cluster 
deposition must be carried out in situ and the measurements performed in very good 
UHV conditions (710^ !! mbar) to avoid contamination of the clusters. In the case 
of free clusters, some gas adsorption on the clusters can be tolerated as the mass- 
separation can distinguish the clean clusters from those with gas molecules attached. 
In deposited samples, most in situ magnetic measurements have been done with spa- 
tially averaged techniques such as XMCD that measure the entire cluster assembly and 
are unable to discriminate between the behaviour of clean and contaminated clusters. 
There are, however, several experimental advantages in studying adsorbed clusters, for 
example, it is possible to exert accurate control over the cluster temperature down 
to low cryogenic values allowing the magnetically blocked state to be observed. In 
addition, structural techniques such as X-ray diffraction, STM and TEM can be used 
as well as more powerful magnetic probes such as XMCD, which is able to determine 
the spin and orbital components of the total moment. Finally, the interactions between 
the clusters can be studied by accumulating a sufficient density on the surface. 


2.3.1. Isolated elemental clusters 
A natural starting point in describing adsorbed clusters is to review measurements 
carried out at very low coverages to determine the behaviour of the isolated particles. 
An important question to address is whether the enhanced magnetic moments 
observed in free transition metal clusters are retained if the cluster is adsorbed on 
a surface. The earliest reported studies of isolated and exposed magnetic clusters 
deposited from the gas phase onto surfaces in UHV were of size-selected 2.5nm 
(700-atom) Mn clusters at very low coverages on HOPG substrates [60, 61]. Photo- 
electron spectroscopy using synchrotron radiation was used to probe shallow core 
levels and showed changes in the lineshape of the Mn 3s photoemission spectra that 
were consistent with an increased magnetic moment of the atoms in the cluster es- 
timated at about 20% larger than the bulk value. The experiment was insensitive to the 
spin configuration. 

More recently, the powerful XMCD technique has been utilised in deposited cluster 
experiments and while addressing the magnitude of the moment, it is also possible to 


496 C. BINNS 


obtain information on the separate contributions of the spin and orbital components. 
To gain some understanding of the effect of the interaction with the substrate, it 1s 
useful to consider results from isolated atoms of Fe, Co and Ni adsorbed on K and Na 
films obtained by Gambardella et al. [62]. They studied films with coverages as low as 
0.2% of a monolayer and used the most accurately measured quantity obtainable by 
the XMCD technique, that is, the ratio: 

(L.) 

A QU TUS S 
to determine how ‘atomic-like’ the adsorbed atoms were. The valence state of each 
element was determined by modelling the shape of the L» ; absorption edge and was 
found to be d’ for Fe, d? for Co and d? for Ni. Knowing this, the quantities in Eq. (4) 
can be obtained by Hund's rules and the atomic value of R (Ratom) compared with the 
measured one (Rexp). The ratio Rexp/Ratom was found to be 100%, 89% and 63% for 
Ni, Co and Fe, respectively, that is Ni has the same moments as in a free atom with the 
same valence, while Co and Fe show a 10% and 37% decrease, respectively. 
The reductions are due to a partial quenching of the orbital moment, but even in the 
case of Fe the quenching is much less than in isolated Fe impurities embedded in 
a bulk host. 

Mass-selected Fey clusters with sizes N — 2-9 adsorbed, at the dilute limit, on Ni 
thin film substrates have been studied by Lau et al. [63]. For such small clusters, it is 
important to ensure a soft-landing, and this was achieved by depositing the clusters, 
decelerated to 2eV/atom, onto Ar multilayers that were physisorbed at 15K on the 
substrate. These were then removed by flash heating to 100 K. Substantial increases in 
the orbital-to-spin ratio and the spin and orbital moments per valence band hole 
relative to the bulk were observed, but the uncertainty in n, and the (7;) term meant 
that absolute values were not given. Larger clusters in the size range 180—690 atoms 
deposited at low coverage on graphite were studied using XMCD by Baker et al. [64]. 
In this study, the vale of n, was obtained by comparing the total Fe L5 ; absorption 
cross-section of the clusters with that of a thick conventional film deposited in situ and 
was found to be the same within experimental uncertainty. Thus, np could be taken as 
the bulk value of 3.39 [65]. In addition, the (7;) term was obtained by measuring the 
dichroism as a function of the incident angle of the X-rays so absolute values of the 
magnetic moments were obtained and the total moment was found to be about 10% 
greater than the bulk value with about half of this enhancement coming from an 
increased orbital contribution. 

The different datasets for adsorbed Fe atoms [62], small Fey (N = 1-9) clusters [63] 
and larger Fey (N = 180-690) clusters [64] can be compared directly by plotting the 
orbital ((ZL.)) and spin ((S2)) angular momenta per valence band hole, ny, as is done in 
Fig. 6. For the adsorbed Fe atoms on K, the valence state was identified as d” som, = 3 
[62]. The orbital and spin moments for the isolated atoms shown in Fig. 5 were derived 
from the published R value, described above, assuming that most of the reduction in R 
is due to a partial quenching of the orbital moment. For the small clusters, the pub- 
lished data for the orbital component is (L,)/ny, which can be entered directly on the 
plot. The spin term is given as (S,)+7/2(T.) and the pure spin component has been 
extracted assuming that (7.) is the average of the value in isolated atoms (—1/7) 
and that in the larger deposited clusters (—0.11/7) [64]. The (Z.)/n, and (S;) /ny values 
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Figure 6: Angular momentum values (S:) and (L,) per valence band hole, np measured by XMCD for Fey 
clusters as a function of N, the number of atoms in the cluster, adsorbed on various substrates (open circles). 
Fe,/K data from Gambardella et al. [62], Fe,-Feo/Ni data from Lau et al. [63] and Fejs9-Fegoo/HOPG data 


from Baker et al. [64]. The insets show the small cluster region in more detail. The filled circles are the (S.) 
and (L;) values per valence band hole calculated by Lazarovits et al. [66]. 
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for the larger clusters were obtained from the published orbital and spin magnetic 
moments and dividing by the value of np (3.39) measured during the experiment. The 
results of a relativistic calculation of the orbital and spin moments in small Fe clusters 
adsorbed on Ag(100) surfaces [66] are also shown in Fig. 6. The calculation for the 
spin moment tends to overestimate the values but, apart from the monomer, the 
calculated orbital moment agrees well with the measured values. 

Whatever the inaccuracies in the assumptions made in the comparison of the dif- 
ferent datasets and notwithstanding the different substrates used in the experiments, 
some general conclusions can be drawn from Fig. 6 about the size-dependent magnetic 
behaviour of supported Fe clusters. Both the orbital and spin components decrease 
rapidly with cluster size and with only three atoms/cluster values close to the bulk 
value are found for both (L,)/n, and (S) /ny. This is different to the behaviour of free 
Fe clusters in which moments close to the atomic limit were found up to N — 12 [10]. 
There is evidence for short- and long-period oscillations in both moments as a function 
of size. Over a wide size range, the total magnetic moment is about 10% larger than 
the bulk with about half of the enhancement coming from the orbital moment. The 
adsorbed cluster moments converge with the bulk values for Nz 700, as observed in 
free clusters [7]. 

It would seem that for sizes larger than 700 atoms (2.5 nm), the cluster magnetic 
moments have converged with those of bulk Fe. This does not rule out novel effects 
for larger sizes, for example in interacting cluster films, the consequence of having a 
nanoscale grain structure, even at the 10 nm scale (750,000 atoms), is a profound 
change in the way the film magnetises in an external field (see Section 3). Even the 
properties of isolated clusters show interesting effects at larger sizes however. 
According to recent measurements by Bansmann and Kleibert [67], the orbital mo- 
ment rises again for larger cluster sizes (Fig. 7) and looked at over a broad size range 
of 0.2-10.75 nm (2-55,000 atoms) it appears to go through a series of oscillations. 

This behaviour could indicate structural changes in the supported particles. In clus- 
ters the bulk cohesive energy must be balanced against the surface energy and the 
increasing dominance of the surface term as the cluster size decreases means that it 1s 
possible to set up highly strained structures in order to minimise the surface energy. For 
materials with a close-packed atomic structure, generally one expects there to be a 
transition from a close-packed to an icosahedral structure below some critical size, with 
possibly an intervening decahedral structure [68]. In the case of bcc materials like Fe, 
a further transition from the bcc to the fcc phase is also expected at some larger size. 

This may be what is indicated in Fig. 7. Larger supported Fe clusters such as those 
studied by Bansmann and Kleibert [67] are bcc as verified by TEM imaging of in- 
dividual particles with sizes in the range 4-10nm [69, 70]. In the intermediate 
size range, Baker et al. [71] showed, using extended X-ray absorption fine structure 
(EXAFS) that Fe clusters embedded in amorphous carbon are a mixture of fcc and bec 
phases. As discussed in Section 3, embedded clusters show a structure that very much 
depends on epitaxy with the matrix material, but if the matrix is amorphous carbon 
then it is likely that the cluster structure is the same as clusters adsorbed on HOPG. It 
is tempting, therefore, to associate the oscillatory structure of Fig. 7 to a transition 
from a bcc to an fcc phase at around 700 atoms (2.5 nm) followed by a transition from 
the close-packed to another phase below about 100 atoms. In free clusters, this small 
cluster structure would be icosahedral but for supported clusters there are other 
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Figure 7: mn /(mg - 7m1) ratio for Fe clusters over an extended size range (2-55,000 atoms) obtained by 
combining the data from Lau et al. [63], Baker et al. [64] and Bansmann and Kleibert [67]. The data are 
plotted as a function of N??, which is proportional to the number of surface atoms. 


possible morphologies including flat 2D islands. In this regime, large changes in the 
orbital moment are observed when incrementing the cluster size by a single atom. 

An uncertainty in the above analysis is that Fig. 7 presents data from Fe clusters on 
different substrates (Ni, HOPG and Co) and this may affect the variation of the 
element-specific moments. Measurements were carried out by Bansmann et al. [72] on 
large (5-12 nm) Co clusters deposited on Ni(111) and Fe(110) substrates. For Co 
clusters supported on Fe substrates, the measured orbital and spin moments are close 
to the bulk values, whereas on Ni substrates they are slightly reduced. Interestingly, 
Co is expected to stay in the close-packed phase throughout the large-size regime 
through to small clusters so one would not expect the large particle 'hump' in the 
orbital moment observed for Fe in Fig. 7. 

The Rostock group also carried out a study using XMCD of the orbital and spin 
moments in exposed 7.5 nm diameter FeCo alloy clusters produced by an arc cluster 
ion source (ACIS) employing an FeCo alloy target [73, 74] and deposited in situ onto 
an Ni(11 1)/W(1 10) substrate. The data were recorded in remanence after magnet- 
isation with an external magnet and since the Ni films have a remanence that is nearly 
100% of saturation, the exchange coupling with the Fe-Co clusters at the surface 
ensures that the clusters were saturated, as required for a sum rule analysis of the 
magnetic moments. Figure 8 shows the photoabsorption spectra of the two alloy 
metals involved, Fe and Co. It is seen that the dichroism has the same sign for the 
spectra demonstrating the ferromagnetic coupling between the elements. The figure 
also illustrates nicely the element specificity of the technique that yields the magnetic 
moments per atom of each element. 

A sum rule analysis of the optical absorption data reveals enhanced spin and orbital 
moments in both constituents (Fe and Co). These are listed in Table 1 and compared 
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Figure 8: Upper part: photoabsorption spectra of 7.5 nm Fe-Co particles deposited on a Ni(1 1 1) film on 
W(1 10) taken in remanence with circularly polarised radiation for opposite magnetisation directions u* and 
uw. Lower part: corresponding XMCD data (intensity differences). Reproduced with permission from 
Ref. [67]. 


with the bulk values. The Fe moments in the alloy particles agree with calculated 
values for the Feso9Coso bulk [75], whereas the Co moments exceed the calculated 
values by about 15% (spin moment) and 50% for the orbital moment. Note that the 
estimated uncertainty in the experimental values is about 10%. The increased mag- 
netic moment in bulk Fe-Co alloys can be understood by the increased spin polar- 
isation due to the degree of band filling within a rigid band model. 

When assuming a homogenous mixture of Fe and Co in these relatively large 
particles (~7.5nm diameter), it is likely that the behaviour is similar to the bulk. 
However, even for a 7.5nm particle, an additional perturbation arises due to the fact 
that ~40% of the atoms are on the two outermost surface atomic layers in which 
increased orbital moments are expected. Although it is known that calculations 
in general underestimate the orbital moment, the data indicate that there 1s some 


Table 1: Magnetic moments of pure Fe, Co, and 7.5 nm FesgCoa, alloy clusters deposited onto Ni/W(1 10) 











[73]. 
Co Fe Average u/atom (ug) 
my (ug) ms (ug) my (ug) my (ug) ms (Hp) my (ug) 
Fes6C044 0.21 2.00 2.21 0.10 2.30 2.40 2.32 
Fe, Co bulk 0.15 1:53 1.70 0.09 2.00 2.09 - 





The corresponding bulk values have been taken from Ref. [75]. 
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additional enhancement arising from the high surface-to-volume fraction in nano- 
particles. This is in accord with the observation of an enhanced orbital moment in 
large Fe clusters shown in Fig. 7. 

As the particles get smaller, the bulk interpretation becomes less applicable. Recent 
ab initio theoretical studies of very small Fe,,Co, clusters, where m+n<6 [76] and 
m+n=5, 13 [77], showed that the moment per atom increases monotonically as a 
function of the Fe content rather than going through a peak as observed in the Slater- 
Pauling curve. It was also shown in the case of five-atom Fe,,Co, [76] clusters that the 
moment is enhanced relative to pure Fe clusters of the same size due to structural 
changes induced by including Co. 


2.3.2. The effect of cluster—cluster interactions of exposed clusters on surfaces 

In an experiment studying clusters deposited in situ onto substrates, observing the 
effect of a changing inter-cluster interactions is a simple matter of varying the 
coverage. Figure 9 shows how the value of m; , obtained by XMCD measurements in 
400-atom Fe clusters (2.1 nm diameter) deposited on graphite, varies with cluster 
coverage. The coverage is expressed as the equivalent thickness in À of a continuous 
layer and so on this scale 12.5À corresponds to a densely packed hexagonal cluster 
monolayer and 7.5 A is the equivalent thickness for the two-dimensional percolation 
threshold. A significant drop in the measured value of mı occurs and converges with 
the bulk value as the monolayer is approached. It is clear that as the clusters come into 
contact the enhancement in the orbital moment is lost. This is expected following the 
calculations of Guirado-Lopez et al. [78] who showed that the orbital moment 
enhancement in transition metal clusters in this size range is confined to the surface 
layers with the interior of the cluster showing a bulk-like quenching. Thus, as surface 
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Figure 9: Values of m, (open circles) and ms 7m (filled circles) obtained by normal incidence XMCD 
from un-filtered Fe clusters (mean size — 400 atoms) on HOPG as a function of cluster coverage measured as 
an equivalent film thickness. A close-packed monolayer corresponds to approximately 12.5 À film thickness 
and the percolation threshold would occur at around 7.5 A. The bulk values of orbital and spin moments 
measured by XMCD are indicated. Reproduced with permission from Ref. [24]. 
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atoms come into contact with those of neighbouring clusters and adopt high co- 
ordination sites, the quenching of the orbital moment will extend to the surface. A 
similar result was observed by Bansmann and Kleibert who demonstrated, using 
XMCD, a decay of the orbital moment with coverage in large 9 nm diameter (732,000 
atom) Fe clusters deposited on Co/W(1 1 0) substrates [73]. 

The apparent small change in the spin moment observed in Fig. 9 is a consequence 
of a changing value of the dipole moment mq (Eq. (3)) as the coverage is increased. 
This term produces a variation of the ‘effective’ spin moment measured by XMCD as 
a function of the measurement angle with respect to the surface normal. It is expected 
to be insignificant in bulk systems in which there is a highly symmetric distribution of 
the spin moment but in isolated 690-atom clusters it was estimated to have a mag- 
nitude of 0.0124 [64] and oriented opposite to the spin moment. Thus, as the cluster 
coverage increases and the system becomes more 'bulk-like', the decreasing dipole 
moment will appear as a small increase in the effective spin moment. This effect masks 
any variation in the true spin moment (as would be measured by another technique) 
as a function of coverage. Evidence for an enhanced spin moment in a thick film 
of clusters comes from a study using MLDAD of Fe clusters deposited on vitrovac 
(an amorphous CoSi alloy) substrates [59]. Figure 10 shows the normalised MLDAD 
signals from a 50À thick layer of 260-atom Fe clusters and a similar thickness 
Fe MBE film, both deposited in situ. It is clear that there is a 5% increase in the 
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Figure 10: A comparison of the MLDAD signal (see Fig. 2) from a thick layer (50 A) of Fe clusters 
containing ~260 atoms on vitrovac (thin curve with open circles) with a similar-thickness MBE-grown Fe 
film on vitrovac (thick curve). Both films are magnetically saturated in both directions by the exchange field 
at the interface and it is observed that the MLDAD signal is 5% higher in the cluster film. Reproduced with 
permission from Ref. [59]. 
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Figure 11: Strength of the MLDAD dichroism signal, normalised to the Fe 3p peak intensity, as a function 
of coverage for deposition of 141-atom Fe clusters on magnetic vitrovac substrates and 400-atom Fe clusters 
on non-magnetic Cu and HOPG substrates [79] (open circles). The solid line shows an MC simulation of the 
magnetisation in growing superparamagnetic cluster islands in the interface exchange field of the vitrovac as 
a function of coverage (see text). The inset shows a photoemission and dichroism spectrum for both di- 
rections of sample magnetisation indicating how the total dichroism signal is obtained. Reproduced with 
permission from Ref. [59]. 


dichorism from the cluster film indicating an increased spin moment even in a dense 
assembly. 

The same study determined the strength of the exchange interaction between a 
deposited magnetic cluster and a magnetic substrate. Figure 11 shows the MLDAD 
dichroism signal, obtained by taking the total area within the dichroism spectrum 
(inset) divided by the Fe 3p intensity, as a function of coverage of 141-atom Fe clusters 
deposited onto a magnetic vitrovac substrate [59] (filled circles). The magnetic sat- 
uration of the cluster films is observed and there is a significant magnetisation of the 
isolated clusters at very low coverage. This is the magnetisation of the isolated super- 
paramagnetic clusters exposed to the magnetic field at the vitrovac surface. The effect 
of the ferromagnetic substrate is demonstrated by comparing the data to previously 
reported MLDAD measurements [79] from Fe clusters deposited in situ onto HOPG 
surfaces at 40 K. Antiparallel saturating fields have been applied to these clusters prior 
to taking spectra, but at low coverage, despite the lower temperature, the superpara- 
magnetism in the supported clusters returns the magnetisation to zero until the cov- 
erage reaches a complete monolayer and the film becomes ferromagnetic. 

For the clusters on the magnetic substrate, the effective field, B, acting on them at 
the lowest coverage, at which they can be assumed to be the isolated clusters is given 
by inserting their magnetisation (relative to saturation) and a temperature of 300K 
into Eq. (2). This gives an effective field of about 4 T. A more rigorous procedure uses 
a Monte Carlo (MC) simulation to obtain the average island size as a function of 
coverage and (assuming that the larger islands remain superparamagnetic) obtains the 
expected magnetisation at each coverage. The solid line in Fig. 11 shows the best fit 
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through the data optimised by adjusting B as the single parameter, which confirms an 
effective field of 4 T acting on the clusters in contact with the vitrovac. This is the 
average field within the clusters and is clearly much larger than the dipolar fringing 
field above the vitrovac, whose internal field at saturation is about 1 T. Its source is the 
molecular field due to the exchange interaction between the particles in direct atomic 
contact with the vitrovac surface. The molecular field can be assumed to decay 
exponentially with height above the surface with a characteristic exchange length, lex, 
of about 3 A, as shown schematically in Fig. 12. The average field within a cluster with 


a diameter d is given by 
lex d 
Bay = Bex d ( — exp (2) (5) 


where Bex is the effective field due to exchange at the contact point of the clusters on 
the vitrovac. Thus, to obtain a mean field of 4 T requires an interface exchange field of 
^20 T. This is about 50 times smaller than the molecular field in bulk Fe but is of 
the same order of magnitude as the exchange coupling between neighbouring Fe 
clusters [80]. 
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Figure 12: (a) Schematic diagram of Fe clusters deposited on vitrovac. (b) Schematic of the molecular field 
within Fe clusters adsorbed on vitrovac due to the exchange interaction at the contact point between the 
clusters and the substrate. Reproduced from Ref. [59] with permission from IOP Journals on 6 Jan. 2007. 
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Magnetism has only been studied experimentally in deposited 3d transition metal 
clusters so far but ab initio calculations of the spin moment in small 4d metal clusters 
with different geometries on Ag(100) were carried out by Wildberger et al. [81]. While 
they found a permanent moment in dimers for elements between Mo and Rh in the 
periodic table, magnetism was less favoured as the cluster size increased. In the case of 
the largest clusters studied, i.e. nine-atom flat islands, only Ru and Rh had stable 
moments. The Rh moment was 0.63, which compares with 0.83 measured in nine- 
atom free Rh clusters [13]. 


3. EMBEDDED NANOPARTICLE ASSEMBLIES 


Section 2 focused on in situ experiments on magnetic clusters deposited on surface and 
exposed to vacuum. In this section, the behaviour of assemblies of nanoparticles 
embedded in solid matrices will be summarised. The films include deposited clusters 
coated in situ with other materials and films produced by the co-deposition technique 
(Fig. 1) that can be removed from the vacuum system for ex situ measurements. This 
opens a wide variety of possible measurements including conventional magnetometry. 
In addition, the choice of the material of the embedding matrix is an extra parameter 
to modify the behaviour of the magnetic nanoparticles. The discussion will include 
isolated cluster behaviour in very dilute assemblies, higher densities in which there is 
significant interaction through to pure cluster films several layers thick deposited with 
no matrix. These nanostructured magnetic materials show magnetisation behaviour 
that is different to similar thickness conventional films. 


3.1. Atomic structure of embedded clusters 

Numerous high-resolution TEM studies of transition metals have been carried out (see 
Ref. [82] and references within). Examples of images of isolated Co and Fe clusters 
embedded in amorphous carbon (a-C) from the gas phase are shown in Fig. 13. The Fe 
particle (Fig. 13a) has a dodecahedral shape and an atomic bcc structure while the Co 





Figure 13: High-resolution TEM images of (a) an isolated bcc Fe cluster and (b) an isolated fcc Co cluster 
embedded in amorphous carbon. The dodecahedral and truncated octahedral shapes, respectively, are con- 
sistent with the minimum energy morphologies predicted by Wulff's constructions [83]. Reproduced from 
Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 
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Table 2: Structural parameters of Fe clusters embedded in various matrices. 


Matrix Material Volume n (À) ra (A) Rz (A) T4 (À) Structure of Fe 





Containing Fe Fraction (%) Clusters 
Clusters 
Silver 5 2.49 0.01 2.85+0.01 4.10+0.01 4.79+0.01 Bulk bee 

40 2.49+0.01 2.85+0.01 4.08 +0.02 4.77+0.01 structure 
Copper 6 2.53+0.02 3.57+0.02 4.43+0.02 5.28 +0.02 y-Fe fcc 














structure with 
slightly reduced 
lattice parameter 








Amorphous 4 2.49+0.01 2.56+0.02 Mixture of bec 

carbon 40 2.46+0.01 2.57+0.01 and fcc phases 

Cobalt 9 2.49+0.02 2.84+0.02 4.06+0.02 4.78+0.02 Bulk bcc 
structure 

Bulk bcc Fe 2.49 2.87 4.06 4.76 





particle (Fig. 13b) is a truncated octahedron and has an fcc atomic structure. The 
shapes of both particles are consistent with the minimum energy morphologies pre- 
dicted by Wulff's construction [83]. 

Amorphous carbon matrices, which are highly transparent to energetic electrons, 
are useful for obtaining TEM images but are not very interesting for technological 
applications where generally the nanoparticles are embedded, by co-deposition, within 
a metal film. For clusters in general matrices, EXAFS measurements are a powerful 
method of obtaining atomic structures. They yield inter-atomic distances out to fourth 
nearest neighbours between different chemical combinations of atoms. Table 2 shows 
the results of an EXAFS study, using the SRS at Daresbury Laboratory [71], of 
samples of Fe nanoparticles embedded in various matrices with a range of volume 
fractions using the co-deposition technique (Fig. 1). The particle size distribution was 
log-normal with a median diameter of 1.85 nm (280) atoms. An interesting picture 
emerges, that is, the atomic structure of the Fe nanoparticles is determined by epitaxy 
with the matrix material. Thus, the Fe structure is found to be bcc in Ag and Co 
matrices, where there is a close lattice match between the Fe bcc and Ag or Co close- 
packed lattice and becomes fcc in Cu in which the y-fcc Fe lattice is well matched to 
the Cu fcc structure. The structure of the isolated clusters does not change if the 
volume fraction is increased to beyond the percolation threshold. In a-C matrices 
where the clusters have no epitaxial relationship with the matrix, the Fe particles are 
found in both the fcc and bcc phases. It is tempting to associate the smallest clusters in 
the size distribution with the more closely packed fcc phase and the larger clusters with 
the bcc phase as discussed in Section 2. It is likely that the atomic structure of the 
Fe clusters in the a-C matrix 1s the same as when they are in the gas phase. Films of 
Fe clusters embedded in Co are an important material for the production of high- 
moment films as reported in Section 4.2. 

The measurements were also carried out for Co clusters with a similar size distri- 
bution embedded in Ag and Fe matrices [39] and the results of the analysis are shown 
in Table 3. The Co clusters in Ag show a close-packed structure but the measurements 
were unable to distinguish between the fcc and hcp phases. A significant result is that 
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Table 3: Structural parameters of Co clusters embedded in Ag and Fe matrices. 








Matrix Material Volume n (A) ra (A) r3 (A) TA (A) Structure of Co 

Containing Co Fraction (%) Clusters 

Clusters 

Silver 5 2.49 +0.02 3.49 +0.02 4.04+0.02 4.36 +0.02 Close-packed 
hep or fcc 

Iron 7 2.45+0.02 2.86+0.02 4.06 +0.02 4.73 +0.02 Bcc Fe 








structure 


Table 4: Coordination numbers of Co-atoms in a cluster consisting of an fcc-truncated octahedron 
embedded in a matrix M. 





Type of the Co-M Interface for a Co-Cluster Model Ne Co Nco. M (Total) 
Embedded in a Matrix M (Total = Core + Disturbed) 

Epitaxy Co-M with an abrupt interface 10.6 = 10.6+0 1.4 

One diffuse layer at the Co—M interface 8.8 = 6.5+2.3 3.2 

Two diffuse layers at the Co—M interface 6.5 = 2.9 3.6 55 
Three diffuse layers at the Co-M interface 4.6 — 1.643 7.4 








The size of the cluster considered in this case is 3.4nm (1289 atoms, m = 5 layers). For clusters of this size, the coordination 
numbers predicted for the formation of 0, 1, 2 or 3 intermixed CoM layers are shown. 


the Co clusters embedded in Fe have the bcc structure, which has important impli- 
cations for its magnetic behaviour. In general, the interface of clusters embedded in the 
noble metals was sharp with some evidence for intermixing in the case of transition 
metal matrices. Even for these small clusters in a miscible transition metal matrix, 
however, there always remains a pure elemental cluster core. This justifies the assertion 
in Section 1 that the cluster/atom co-deposition technique is able to produce nano- 
granular mixtures of miscible metals. 

An EXAFS study carried out at the LURE synchrotron on isolated Co clusters 
embedded in metal matrices including Ag, Pt and Nb focused on the degree of inter- 
mixing at the cluster/matrix boundary [84, 85]. Table 4 shows the predicted Co-Co 
and Co-matrix coordination numbers for isolated Co particles in metal matrices with 
different degrees of intermixing at the Co-matrix interface. It was assumed that the Co 
clusters had a mean diameter of 3.4 nm (1289 atoms), which is the same size as the 
particle shown in the TEM image of Fig. 13b. For all the matrices, the Co atomic 
structure was found to be close-packed but fcc rather than the bulk hcp structure. The 
Co-Co coordination includes the core (dense Co) part and the ‘disturbed’, i.e. more 
diffuse Co with a larger separation in the case where interfacial mixing occurs. The 
measured values of Nc, co and Nco_m, where M is Ag, Pt or Nb, are shown in Table 5 
and comparison with Table 4 reveals that the interface is sharp with no intermixing in 
the case of Co clusters embedded in Ag matrices but that there are one and two mixed 
atomic layers in Pt and Nb matrices, respectively. 


3.2. In situ studies of Co-coated Fe clusters 

Edmonds et al. [25] carried out an XMCD study of dilute assemblies of Fe clusters 
deposited on HOPG and coated with Co films in situ. They showed that the combined 
films consist of flat Co islands with embedded Fe clusters and whereas the exposed Fe 
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Table 5: Coordination numbers of Co atoms in different matrices, Nco-m (M = Ag, Pt or Nb) as deduced 
from the fits to the EXAFS spectra. 








Sample Noo. co (Total = Core + Disturbed) Nco. M (Total) Degree of Intermixing at Interface 
Co-clusters/Ag-matrix 11 I Sharp interface 
Co-clusters/Pt-matrix 9.6 2.4 1 atomic layer mixed 
Co-clusters/Nb-matrix 7 5 2 atomic layers mixed 





clusters prior to coating appeared to be magnetically isotropic (see Fig. 14), the coated 
clusters showed a strong in-plane anisotropy. It was assumed that this arose from the 
shape anisotropy of the Co islands and was superimposed on the Fe clusters, which 
were exchange-coupled to the Co. The orbital (Fig. 15a) and spin (Fig. 15b) moments 
localised on the Fe clusters could be extracted due to the chemical specificity of 
XMCD. The orbital moment loses the sharp variation with cluster size seen in the 
exposed clusters, which may be due to a suppression of the bcc-fcc transition expected 
in the exposed clusters. As shown in Section 3.1, epitaxy with the Co matrix maintains 
the Fe clusters in the bcc phase. Nevertheless, the orbital moment stays significantly 
enhanced relative to the bulk value. The spin moment, shown in Fig. 15b, is increased 
following the Co coating by about 0.2ug at all cluster sizes investigated. Note that the 
comparison between the exposed and Co-coated Fe clusters in Fig. 15b is made for 
data taken at the ‘magic’ angle (54.7°) so that the dipole term should be zero in both 
sets of data. Figure 15c shows the measured size-dependent spin moment compared 
with the tight-binding calculation by Xie and Blackman [86] for free Co-coated 
Fe clusters, with a composition of FeyCoj921_y. In order to carry out the comparison, 


Dichroism at Remanence 





0 10 20 30 40 50 60 
Temperature (K) 


Figure 14: Ratio of remanent to saturation magnetisation measured from the Fe L5» XMCD spectra signal 
vs. sample temperature of the exposed (squares) and Co-capped (circles) Fe clusters. Out-of-plane meas- 
urements are denoted by open symbols and in-plane by filled symbols. Reproduced from Ref. [25] with 
permission. 
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Figure 15: (a) Orbital moment of the Fe atoms in Co-capped Fe clusters on HOPG as a function of cluster 
size (circles). For comparison, the orbital moment measured in the exposed clusters is also shown (thick line). 
The sharp variation is washed out but the orbital moment remains significantly enhanced relative to the bulk 
value. (b) Spin moment of the Fe atoms in Co-capped Fe clusters on HOPG as a function of cluster size 
(circles). For comparison, the spin moment measured from the exposed clusters is shown (thick line) and it is 
seen that the Co-coating induces a similar increase in the spin moment over the whole size range. Note that 
the value of the spin moment is the one derived from the spectra taken at the ‘magic’ angle (55°) at which the 
dipole contribution goes to zero. (c) Spin moment of the Fe atoms in Co-coated Fe clusters as a function of 
size compared to the calculation by Xie and Blackman [86] for free FeyCojo21_n clusters. Note that the 
experimental data has been shifted by a correction for a known systematic error in the measured XMCD 
moment (see text). (d) Total (orbital + spin) moment of the Fe atoms in Co-coated Fe clusters as a function 
of size compared to the measured values in free clusters from Stern—Gerlach deflection measurements [7]. 


a correction of 0.15ug was added to the measured spin moment to account for 
a systematic error in the value given by applying the XMCD sum rules [87]. This 
arises from the insensitivity of the sum rules, based on dichroism in the 2p-3d tran- 
sition, to any spin polarisation in the transition metal 4s states. With this correction 
in place, the agreement with the calculation is good over the whole size range. As 
shown in Fig. 15d, over a significant fraction of the size range investigated, the 
total magnetic moment per atom in the Co-coated Fe clusters, obtained by adding 
the spin and orbital moments measured by XMCD, is as large as in free Fe clusters. 
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3.3. Magnetometry of isolated Fe and Co clusters in Ag matrices 

To explain the magnetic properties of dense interacting assemblies of nanoparticles 
embedded in matrices, which are the materials with technological applications, it is 
important to understand the behaviour of the isolated clusters within the same matrix. 
This can be probed by magnetometry measurements in dilute (1-2% volume fraction) 
assemblies of magnetic clusters embedded in non-magnetic matrices prepared by 
co-depositing the clusters and the matrix as in Fig. 1. 

Figure 16a shows in-plane magnetic isotherms in the temperature range 50-300 K 
(symbols) from an assembly of un-filtered Fe clusters embedded in Ag with a volume 
fraction of 1% (Fe,;Ago9) by the co-deposition technique (Fig. 1) [80, 88]. The upper 
left inset shows the same data plotted vs. H/T and it is evident that the magnetisation 
isotherms scaled thus follow a universal curve. This feature, the lack of hysteresis and 
the observation that the fitted particle size, assuming the curves are Langevin func- 
tions, is independent of temperature are the three criteria to be satisfied for confidence 
that the samples are superparamagnetic [80]. 

Since the assembly displays ideal superparamagnetism in the range 50-300 K, the 
size distribution of the clusters can be obtained by fitting a set of Langevin functions to 
every isotherm. Each fitted Langevin function has a different argument (particle size) 
and the set of fitting variables are the amplitudes of the functions. Ten size bins were 
used in the range 0.5-8 nm and the average amplitude as a function of particle size, 
obtained by fitting the data at all temperatures, is shown in the bottom inset in 
Fig. 16a. The calculated magnetisation curves are displayed as lines and the fit is 
excellent in every case. The size distribution is the usual asymmetric shape and has 
been fitted to a log-normal distribution of particle diameters, d: 


2 
d- ) m 


20? 


fd) x exp( 


where u and o in Eq. (6) are respectively the mean and standard deviation of In d and 
are treated as fitting variables. The most probable diameter is thus exp(u) and, as 
pointed out by O'Grady and Bradbury [89], the standard deviation of particle dia- 
meters, oy, is given from the fitted values of u and o by 


o2 
oy = exp P + ;) (exp(c?) — 1)? (7) 


Fitting Eq. (6) to the measured size distribution (bottom inset in Fig. 16a) yields a 
most probable diameter of 2.57nm with a standard deviation of particle diameters, 
from Eq. (7), of c4 = 1.03. The median diameter, dm, obtained by finding the value of 
d at which the integral of the distribution given by Eq. (1) is equal on either side of dm, 
is 3.0nm.This is taken as the representative size for further analysis. The size distri- 
bution thus obtained by magnetometry is similar to that obtained by direct STM 
imaging of deposited cluster films produced by the same cluster source [80] confirming 
that the clusters are isolated in the film. 

As shown in Fig. 16b, at 2K the magnetic isotherm of the Fe;Ago9 sample develops 
hysteresis showing that some of the clusters within the size distribution are magnet- 
ically blocked with the proportion depending on the symmetry of the anisotropy. 
As demonstrated by Jamet et al. [70], for embedded Fe nanoparticles of about the 
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Figure 16: Magnetisation isotherms in the range 50-300 K of an FejAgss cluster-assembled film (open 
squares) compared to fits by Langevin functions (line) with a size distribution represented by 10 size bins in 
the range 0.5-8 nm. The lower inset shows the average probability of each bin for the optimum fit to curves 
at temperatures 7 50 K (open circles) and the corresponding log-normal distribution (line) fitted by Eq. (6). 
The fit gives a most probable diameter of 2.57 nm and a standard deviation of particle diameters, from 
Eq. (7), of 1.03. The upper left inset shows the magnetisation data plotted vs. H/T, demonstrating the 
universal scaling expected for a superparamagnetic assembly. (b) In-plane magnetisation isotherms at 2 K of 
Fe;Agoo sample: (full circles) field sweeping down and (open circles) field sweeping up. The lower right inset 
shows the decay from saturation (full circles) compared to a calculation (line) assuming a random distri- 
bution of uniaxial anisotropy axes (Eq. (8)). The best-fit anisotropy constant is displayed in the inset. The 
upper left inset shows schematically the random orientation direction averaged over a hemisphere giving 
50% remanence. Reproduced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 
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same size, because of the high surface-to-volume ratio (~40% of the atoms are on the 
surface layer) these small particles are dominated by surface anisotropy. Cubic an- 
isotropy or any symmetry higher than uniaxial would only occur in clusters containing 
magic numbers of atoms. According to Xie and Blackman [90], adding a few atoms to 
one of the facets is sufficient to induce uniaxial anisotropy. There are only a few magic 
numbers in the entire size distribution and so the vast majority of the clusters are 
expected to show uniaxial anisotropy. Even in the case of magic numbers, the process 
of depositing and embedding the clusters may induce stresses that lower the symmetry 
of the anisotropy. The remanence, M,, of an assembly of blocked particles with uni- 
axial anisotropy is M,/M, = 0.5 if the directions of the anisotropy axes are randomly 
distributed over three dimensions and M,/M, = 0.71 if they are distributed over two 
dimensions in the plane of the applied field. The measured remanence is just below 0.5 
and thus closest to the case for uniaxial anisotropy axes randomly distributed over 3D. 
The slight discrepancy is either due to the smallest clusters in the distribution 
remaining unblocked at 2 K or, more interestingly, to canted surface moments at zero 
field as predicted by calculations on small (~1 nm) bcc and fcc Fe nanoparticles [91] 
and measured for larger (~20 nm) cubic Fe particles [92]. For particles with a uniaxial 
anisotropy randomly oriented in 3D, the magnetisation between saturation and 
remanence is obtained at each field by minimising over all alignments of the aniso- 
tropy axes, the intra-particle energies: 


E, = KV sin^(0 — p) — uB cos & (8) 


Here K is the anisotropy constant, V is the particle volume, u is the particle magnetic 
moment and 0 and ¢ are the angles between the applied field and the anisotropy axis 
and particle magnetisation, respectively. The inset in Fig. 16b compares the curve, 
calculated thus, with the data and it 1s evident that this simple model reproduces the 
data accurately. So in zero field, the system is a collection of static, randomly aligned 
cluster giant moments each pointing along the local anisotropy axis. The anisotropy 
constant is a parameter of the fit and optimises at K = 2.63 x 10° J m ^? (—3 meV/atom). 
Note that this includes all anisotropy terms including the surface, magnetocrystalline, 
shape and stress contributions. À previous measurement with the applied field perpen- 
dicular to the film plane revealed similar behaviour with a slightly higher anisotropy 
constant [88], which was attributed to a degree of ‘flattening’ of the clusters on landing. 

Magnetic isotherms from a CozAgog cluster-assembled film in the temperature range 
50-300 K are shown in Fig. 17a (symbols) along with the Langevin fits using the 
procedure described above (lines) [88]. In this case, as seen in the upper left inset, a 
departure from the H/T scaling and thus ideal superparamagnetism is observed only 
below 150 K, which is attributed to a higher anisotropy of the Co clusters (see below). 
Thus, the basic assumption of superparamagnetism, that is, a nearly isotropic mag- 
netic moment, will require a higher temperature to be realised. The size distribution 
can be obtained by Langevin fits as described above but restricted to the data obtained 
at T2150 K. The result along with the fitted log-normal distribution (Eq. (6)) is shown 
in the lower inset in Fig. 17a. Applying the same analysis as for the Fe clusters gives a 
most probable Co particle diameter of 2.51 nm and a standard deviation of diameters 
(Eq. (7)) of 0.90. In this case the median diameter is 2.8 nm. 

The low temperature isotherms from the isolated Co clusters in Ag are shown in 
Fig. 17b and again a remanence of slightly less than 50% is found. As discussed earlier 
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Figure 17: Magnetisation isotherms in the range 50-300K of a CozAgog cluster-assembled film (open 
squares) compared to fits by Langevin functions (line) with a size distribution represented by 10 size bins in 
the range 0.5-8 nm. The lower inset shows the average probability of each bin for the optimum fit to curves 
at temperatures > 150 K (open circles) and the corresponding log-normal distribution (line) fitted by Eq. (6). 
The fit gives a most probable diameter of 2.51 nm and a standard deviation of particle diameters, from 
Eq. (7), of 0.90. The upper left inset shows the magnetisation data plotted vs. H/T. In this case, unlike Fe, the 
50 and 100 K isotherms do not follow the universal H/T scaling, indicating a departure from ideal super- 
paramagnetism below 150K. (b) In-plane magnetisation isotherms at 2 K of CozAgog sample: (full circles) 
field sweeping down and (open circles) field sweeping up. The lower right inset shows the decay from 
saturation (full circles) compared to a calculation (line) assuming a random distribution of uniaxial an- 
isotropy axes (Eq. (8)). The best-fit anisotropy constant is displayed in the inset. The upper left inset shows 
schematically the random orientation direction averaged over a hemisphere giving 5096 remanence. 
Reproduced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 
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for Fe clusters, Co nanoparticles are also expected to show a uniaxial anisotropy and 
the remanence indicates that the clusters are randomly oriented over 3D. The ap- 
proach to saturation can thus be modelled using Eq. (7) and this is compared to the 
data in the inset in Fig. 17b. The anisotropy constant that optimises the fit is about 
three times larger than that found in the Fe cluster assembly, which explains why 
higher temperatures are required to observe ideal superparamagnetism in Co cluster 
assemblies. 


3.4. Monte Carlo model of nanoparticle assemblies 

The behaviour of these and higher-density particle assembles (Section 3.5) was mod- 
elled by an MC simulation developed to describe the behaviour of cluster-assembled 
films [80]. It considers N identical spherical magnetic particles with a diameter D and 
volume Vo inside a cubic box of edge length L. As dictated by the experimental results, 
the single-domain particles are assumed to have a randomly oriented uniaxial aniso- 
tropy. The particles interact via long-range dipolar forces and short-range exchange 
forces, these only being included between neighbouring particles in contact. The total 
energy of the system is the sum of particle magnetic energies: 


Ei = — Kä €i 
in which the energy of the ith particle 1s 
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where S; and ê; are unit vectors in the directions of the magnetic moment (spin) and 
anisotropy axis of the ith particle and Rj : D is the centre-to-centre distance between 
the particles. The energy parameters entering Eq. (4) are the Zeeman energy, uH, 
where u = M,Vo; the dipolar energy, g = uou? /AnD°; the anisotropy energy, k = KVo; 
and the effective exchange energy, J. The anisotropy parameter can be obtained from 
the fits to the experimental magnetisation curves as described in the previous section 
and the exchange energy can be obtained by fitting the measured approach to sat- 
uration as described in Section 3.6. The equilibrium magnetic configuration of the 
system at a certain temperature and applied field is obtained by an MC simulation 
using the Metropolis algorithm [93]. The model predicts a percolation threshold at a 
volume fraction of 29% and that the dilute limit extends up to about 5%, where the 
probability of particles in contact is small. The intermediate volume fraction regime 
covers the range 5-25%. In all simulations it was assumed that the morphology of the 
Fe clusters does not change with volume fraction. 

The simulation was tested for a dilute Fe; Agos nanoparticle assembly similar to the 
one shown in Fig. 16 using the corresponding fitted anisotropy (in this case 
2.41 x 10^ J m ?). At such a low volume fraction, the exchange parameter does not 
have a significant effect as the probability of finding two particles in contact is very 
low. The calculated full magnetisation curve using the MC model is compared with the 
experimental data curve obtained at 2K (i.e. below the blocking temperature) in 
Fig. 18 (top curve). It is observed that the model describes the data reasonably well 
and gives a good estimate of the coercive field (0.02 T). The main discrepancy is the 
loss of hysteresis at a lower field than observed in the data. This is attributed to the 
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Figure 18: Isotherms at 2 K from samples with intermediate volume fractions below the percolation thres- 
hold. The symbols are the measured data and the thick lines are fits between saturation and remanence using 
Eq. (8) with the optimal value of the anisotropy constant shown. The thin solid lines are the MC simulations 
for the full isotherms with the predicted value of b (Eq. (10)) at remanence shown. The inset compares the 
values of H. obtained from the measurements and the MC simulation. Reproduced from Ref. [43] with 
permission from IOP Journals on 6 Jan. 2007. 
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model describing each particle by a single average spin whereas for isolated particles 
the surface spins need a higher field than the core to saturate because of the enhanced 
surface anisotropy. As shown in Section 3.5, at higher concentrations where the inter- 
particle interactions are dominant the surface contribution is less important and the 
model gives even better agreement. 


3.5. Evolution of magnetic behaviour with nanoparticle volume fraction below the 
percolation threshold 

The volume fraction in a cluster-assembled film for a given particle size can be ad- 
justed simply by changing the relative deposition rates of the clusters and matrix 
material. The evolution of the magnetisation curves at 300 K as a function of volume 
fraction for films containing 3 nm diameter Fe nanoparticles in Ag matrices is shown 
in Fig. 19 for volume fractions below the percolation threshold. The most noticeable 
feature 1s the increase in the low-field susceptibility as the cluster density increases. 
This is characteristic of larger particles and indeed it 1s possible to get good fits using 
Langevin functions with a higher supermoment than in the dilute film. It is, however, 
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Figure 19: Magnetisation isotherms at 300 K of films of Fe clusters embedded in Ag as a function of volume 
fractions below the percolation threshold. The lower right inset compares the measured initial susceptibility 
with that calculated by the MC simulation as a function of volume fraction (note the different scales). The 
left insets are schematic representations of the assemblies of particles, which are shown elongated to 
represent the observed uniaxial anisotropy. At the lowest volume fraction, the magnetisation is superpar- 
amagnetic, while at the higher volume fractions the assembly consists of exchange-coupled aggregates that 
interact with each other via dipolar forces (see text). Reproduced from Ref. [43] with permission from IOP 
Journals on 6 Jan. 2007. 
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erroneous to treat these films as superparamagnetic with a volume-fraction-dependent 
cluster size. The magnetic isotherms do not scale with H/T and Langevin fits to these 
curves give an optimum particle size that depends on the temperature of the fit. As 
pointed out by Allia et al. [94] both these features violate the criteria for superpara- 
magnetism. 

The MC model can be applied to these samples but for comparisons at room 
temperature it is important to point out that “time” in the model is measured in 
Monte Carlo steps (MCS). The simulations applied in this case extend to 10* MCS per 
spin, which approximately corresponds to an observation time of 1077 sec [93]. Com- 
paring the measured and simulated data is thus similar to comparing measurements 
with widely different time scales, for example, dc magnetometry and Mössbauer 
spectroscopy. However, the MC simulation, because it mimics the role of thermal 
fluctuations, reproduces qualitatively the trend of the experimental data. The trend in 
the initial susceptibility as the volume fraction changes for the experimental data is 
plotted in the inset in Fig. 19 and compared with the prediction from the MC model. It 
is seen that there is qualitative agreement with the model. Theoretical modelling [95] 
and measurements [94] show that, without exchange, dipolar forces decrease the low- 
field susceptibility emphasising the importance of including exchange interactions to 
explain the behaviour of these samples. 

The magnetic isotherms of the same samples as in Fig. 19 measured at 2K are 
shown in Fig. 18. In each case, the demagnetisation from saturation is still well de- 
scribed using Eq. (8) (thick solid lines in Fig. 18) and the remanence is close to 50% 
indicating that at 2K in zero field the moments are frozen along randomly oriented 
axes averaged over 27 steradians in the direction of the most recent saturation. Here, 
however, the moments do not belong to individual deposited nanoparticles but to 
exchange-coupled aggregates of the nanoparticles. These are the relevant magnetic 
particles in samples with volume fractions between 5% and the percolation threshold. 
As before, a remanence of 50% indicates that the anisotropy of the aggregates is 
uniaxial. The magnitude of the anisotropy of the aggregates, obtained by the fit to the 
data using Eq. (8) is lower in the Fej9A goo film than that found in the isolated clusters 
and decreases with increasing density of clusters. This is expected due to an averaging 
of the individual cluster anisotropies to produce a resultant value along the anisotropy 
axis of the whole aggregate. In addition, a real decrease in the intra-cluster magneto- 
crystalline anisotropy may be expected as a result of a decreasing orbital moment with 
density as shown by previous XMCD measurements on exposed Fe clusters on 
graphite [36] and as described in Section 2.3.2. 

The complete magnetisation curves obtained using the MC model as a function of 
volume fraction are indicated in Fig. 18 by the thin solid lines. The anisotropy value 
used was that of the isolated clusters (Fig. 16b) as is appropriate. If the model is 
working correctly, it should itself predict the reduction of anisotropy of the aggregates 
due to the random orientation of the constituent nanoparticles. The good-fit to the 
data indicates that this is the case. This also implies that the decreasing anisotropy 
constant in the films is due mostly to the averaging effect and not due to the measured 
reduction of the orbital moment. This is not surprising since the orbital moment will 
affect only the magnetocrystalline term and it is clear that this is a minor component. 
The relatively small contribution of the magnetocrystalline term to the anisotropy of 
embedded clusters has been confirmed recently by direct micro-SQUID measurements 


518 C. BINNS 


of the switching field of individual nanoparticles [70]. The simulation also gives a good 
estimate of the coercive field and predicts the experimental observation of a slight 
increase with increasing Fe volume fraction. The large error bars for the experimen- 
tally determined values of H, are due to uncertainties in the removal of the back- 
ground slope from the raw data. The variation of He with volume fraction is due to the 
different character of the dipolar interactions in the system well below and close to 
the blocking temperature. For T « Tp, He is predicted to decrease with increasing 
volume fraction, while for T Ty it will increase. This is clearly the regime found in 
these samples. More fundamentally, it is evident that A. is modified by interactions, as 
it is observed to increase despite a decreasing anisotropy constant in the aggregates. 
This would be a contradiction in a non-interacting system. 

The increased exchange coupling due to aggregation is indicated by the MC sim- 
ulation via the global parameter: 


fae 4 
be 52,80% (10) 


that is, the fraction of projected moments along the local easy axes. A value of 1 
indicates complete decoupling of clusters so that all moments are along local easy axes 
and 0.5 will be found in the case where all neighbouring moments are aligned co-linearly 
by exchange. The values of b obtained from the MC simulations shown in Fig. 18 are 
indicated beside each magnetisation curve. For the dilute cluster film (Fig. 16) it is found 
that b = 0.89 at H = 0 and T = 2 K but drops to 0.63 in the Fej9A goo sample and drops 
further towards the exchange-coupled limit as the Fe cluster volume fraction increases. 
Note that this reduction in b indicates an increasing proportion of the deposited nano- 
particles contained in exchange-coupled aggregates, whose total moments are randomly 
oriented in zero field. This is consistent with the observation of an approximately 50% 
remanence in both the measured data and the MC simulations. 

An analysis of the magnetisation curve at 10% volume fraction was carried out [80] 
using a model proposed by Allia et al. [94] consisting of a Curie-Weiss-like extension 
to the Langevin function to represent dipolar coupling. It showed that the morphology 
of the assembly consists of exchange-coupled aggregates, containing an average of 
about six particles, interacting via dipolar forces. The different morphologies at 1% 
and 10% volume fractions are shown schematically in the left insets in Fig. 19. 


3.6. Pure cluster films 
Beyond the percolation threshold, a cluster-assembled film becomes a single ferro- 
magnetic infinite cluster with a complex morphology and simple phenomenological 
models are not applicable. In this section, we explore the behaviour of the extreme 
case, that is, films of pure deposited clusters with no matrix. It is clear from looking at 
images such as the one shown in Fig. 3b that, although the film is ferromagnetic, the 
ground-state configuration of spins will be different from that in a film made by 
depositing atoms. For example, MFM images of cluster-assembled films do not show 
domains with clear boundaries in the conventional sense but a seemingly random 
patchwork arising from a continuously varying magnetic direction with a correlation 
length larger than a single deposited cluster [44] (see Fig. 22). 

The previous section showed that the clusters and their anisotropy axes are ran- 
domly oriented in the assembly so it is appropriate to apply a random anisotropy (RA) 
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model developed by several authors in the last two decades [96-100]. In this approach, 
the magnetic ground state in a granular film 1s determined by the relative strength of a 
random anisotropy field: 








2K, 
H,= 11 
= (11) 
and an exchange field: 
2A 
Hx= 12 
ex M,R? ( ) 


Here, K, is the (randomly oriented) anisotropy of the grains, M, is their saturation 
magnetisation, A is the exchange constant for the interaction between the grains 
and R, is the nanometre-scale region over which the local anisotropy axis is correlated, 
ie. the characteristic grain size. The relative strength of the fields is given by the 
dimensionless parameter: 


H, 
Hex 





Ape (13) 


The model was originally developed to describe amorphous films in which a local, 
randomly oriented, anisotropy is due to local atomic order. It is even better suited to 
providing a description of the magnetisation in cluster-assembled films in which 
the distance R, over which an anisotropy axis is correlated is well defined (i.e. the 
particle diameter). For 2, 1, the magnetic correlation length at zero field is R4, and 
the magnetic vector in each particle points along the local intra-particle anisotropy 
axis (b = 1). Note that in an arrow representation this state would be identical to that 
in isolated non-interacting particles at absolute zero. With increasing inter-particle 
exchange (or decreasing intra-particle anisotropy), the configuration becomes a cor- 
related super-spin glass (CSSG) in which the magnetisation vector in neighbouring 
particles is nearly aligned (b~0.5) but the random deviation of the moments from 
perfect alignment produces a smooth rotation of the magnetisation throughout the 
system with a magnetic correlation length that is a factor 1/ 2 larger than the particle 
diameter. The difference between the two states is illustrated in Fig. 20. 

The RA model has been used successfully to analyse the data in several ex situ 
magnetometry studies of cluster-assembled films [101—104] in which the films were 
capped by protective non-magnetic layers for removal from the deposition chamber. 
More recently, a system developed to allow transfer of a film directly into a vibrating 
sample magnetometer (VSM) in UHV conditions has enabled the study of exposed 
films without the protective non-magnetic capping layer [80, 88]. Here, a case study 
of pure Fe and Co cluster films capped with Ag and analysed using the RA model is 
presented. The particle sizes are the same as in the samples used to obtain isolated 
particle data shown in Figs. 16 and 17, that is, 3.0 and 2.8 nm diameter for the Fe and 
Co clusters, respectively. Thus, the magnetic behaviour of the isolated and strongly 
interacting nanoparticles can be compared directly. 

In a film whose ground state is a CSSG, the RA model predicts an approach 
to magnetic saturation that depends on the dimensionality of the film [100]. In two 
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Figure 20: (a) Schematic representation of a magnetic nanoparticle with a uniaxial anisotropy axis (rep- 
resented by a slight elongation); (b and c) a stack of particles with randomly oriented anisotropy axes. In (b) 
%,>1 and the magnetisation vector points along the local anisotropy axis so the magnetic correlation length 
is a single particle diameter. In (c) A,<1 and the magnetic vectors are nearly aligned. The random per- 
turbation from perfect alignment results in a finite magnetic correlation length that is a factor 1/ A larger 
than a single particle. Reproduced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 


dimensions the magnetisation follows: 


M= a (1 en Te m dx oki hl) (14) 





and in three dimensions: 


M= vi SÉ Vic J- dx C(x)x? expt Vi) (15) 

In Eqs. (14) and (15), hex = H/Hex, Kı is the modified Hankel function and C(x) is 
the correlation function for the anisotropy axes with x in units of R,. In a cluster- 
assembled film with mono-sized clusters, C(x) can be taken to be a simple step func- 
tion with a cut-off at x = 1. 

Figure 21 shows the approach to saturation for a 5nm thick film of deposited Fe 
nanoparticles and a 20 nm thick film of deposited Co nanoparticles. The RA model 
curves were calculated using Eq. (14) for the Fe cluster film, which was only two 
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T = 200K H, = 0.29 Hex = 0.36 
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T = 10K H, = 0.27 Hox = 0.36 


100 200 
Temperature (K) 


(b) 


S4 Pure Co cluster film T = 800K H, = 0.60 Hex = 0.60 
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Figure 21: (a) Approach to saturation of a 5nm thick pure Fe cluster (3.0nm diameter) film for temper- 
atures in the range 10-300 K (full circles) compared to a calculation using the RA model with the parameters 
shown (line). The inset shows the variation of the random anisotropy (evaluated from H, and Eq. (11)) with 
temperature (full circles). The grey line shows the value for the isolated clusters. (b) As (a) but for a 20nm 
thick pure Co cluster (2.8 nm diameter) film sample [88]. Reproduced from Ref. [88] with permission from 
IOP Journals on 6 Jan. 2007. 
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cluster layers thick and Eq. (15) for the thicker Co cluster film. It is observed that in 
both cases the values of Hex and H, change little with temperature, which is just 
confirmation of the observation that the shape of the curves appears to be independent 
of temperature. The value of the random anisotropy, K,, obtained from H, and 
Eq. (11) is shown in the insets and compared with the values for the isolated clusters. 
For the Fe cluster film, the random anisotropy is close to the isolated cluster value 
whereas for the Co cluster film it is significantly smaller. The exchange fields are 
2:0.36 and ~0.6T for the Fe and Co cluster films, respectively, corresponding to an 
exchange constant (from Eq. (12)) of A x3 x 107" J m"! for both films, which is 
much less than the bulk value as would be expected. Crudely, one would expect a bulk- 
like exchange coupling only between atoms in contact at the interface between the 
particles, so averaged over the whole clusters, treated as 'giant atoms', it is much 
smaller. It appears from the value of A that of the order of 1 atom in 10 within the 
nanoparticle are exchange-coupled to atoms on neighbouring particles. For both the 
Fe and Co nanoparticle assemblies, the exchange energy is about 170 meV per pair. 
This is similar to the value found in a two-dimensional assembly of Co nanoparticles 
on Si(00 1) prepared colloidally after removal of the ligand and oxide shells [105]. 

For both films the value of 1, is close to 1, indicating that the magnetic configuration 
is close to the crossover between a simple spin glass, in which each cluster moment is 
aligned randomly in zero field, and the CSSG state. This crossover was directly ob- 
served in a 150 A thick film of 3 nm diameter Fe nanoparticles [80]. The approach to 
saturation was fitted using the RA model as described above and it was found that 
with decreasing temperature the value of A, increased. For temperatures below 50 K it 
became greater than 1 and for the same temperature range the approach to saturation 
no longer followed the CSSG curve. This was attributed to a crossover from the CSSG 
to the simple spin glass configuration. 

Recently, the stray magnetic field at the surface of a pure Co cluster film was imaged 
using MFM [44]. Figure 22 shows the results for a 375nm thick film produced by 
depositing 8 nm diameter Co nanoparticles, and it is observed that the stray field is a 
random patchwork as would be expected at the surface of a CSSG. By comparing 
directly the feature size in the MFM and the topographic image it was found that 





Figure 22: Topography and phase images of a 375 nm thick film of 8 nm diameter Co clusters deposited on 
Si(100). The scan size is 5000 nm [44]. Reproduced from Ref. [44] with permission from Phys. Rev. B on 
6 Jan. 2007. 
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A, ~0.67, i.e. close to the value found in the films of smaller Co clusters described 
above. In this particular study the Co particles had a thin native oxide layer producing 
a ferromagnetic/antiferromagnetic core-shell system with an exchange bias of 0.5 T at 
low temperature after field-cooling. The room temperature data, however, showed soft 
magnetic behaviour characteristic of a CSSG, showing the formation of this state even 
in the case where the exchange interaction between the nanoparticles is complicated by 
an intervening antiferromagnetic layer. 

Loffler et al. [101, 102] also used the RA model to analyse magnetometry data from 
deposited gas-phase Fe and Ni clusters with sizes in the range 10—20 nm. They modified 
the deposited size distribution by post-deposition annealing of the films [101] so that the 
study could be carried out as a function of particle size. The RA model produced good 
fits to the approach to saturation of the film magnetisation, though in this case the fitted 
value of A, was 2. Although this is higher than the value at which a transition to a simple 
spin glass should occur, the critical value of 4, is influenced by a number of factors 
including the distribution on anisotropy axes, which may not be truly random. 

The same group used small-angle neutron scattering to study the magnetic corre- 
lations in dense assemblies of Fe, Co and Ni clusters deposited from the gas phase 
[102]. Again they annealed the samples to modify the average grain size in situ and 
discovered that the magnetic correlation length in Fe went through a minimum when 
the grains size equals the bulk domain wall width. They analysed their data using an 
extension of the RA model taking into account domain wall formation within grains. 
In fact even in the films composed of small (3 nm) nanoparticles described above, the 
assumption that the magnetisation direction changes only at the interfaces (Fig. 20c) is 
an idealisation and a more realistic model would have to include some curling of the 
magnetisation within the grains. 

Summarising the results presented for the 3nm Fe particles embedded in Ag as a 
function of volume fraction, perfect superparamagnetism is observed only at very low 
volume fractions. For a large range of intermediate volume fractions, the film can be 
considered to be exchange-coupled agglomerates of clusters (super-clusters) that in- 
teract with each other via dipolar forces as shown schematically in Fig. 19. The 
magnetic behaviour in this region has been described as "interacting superparamag- 
netism’ [94]. At the high volume fraction end, the cluster films form a CSSG and show 
magnetically soft behaviour. At low temperatures and low volume fractions the system 
consists of isolated blocked particles, while at high volume fractions there is evidence 
that it forms a simple spin glass [80]. 


4. APPLICATIONS OF CLUSTER-ASSEMBLED FILMS 


The technology of cluster deposition has made great strides in the last decade, leading 
to higher fluxes, better size selection, and methods for functionalising the clusters in 
the gas phase prior to deposition. It is now possible to produce thick (7-1 um) films of 
clusters over large areas in relatively short times, leading to the possibility of pro- 
ducing materials on an industrial scale. Producing films from pre-formed clusters 1s 
more complicated than conventional thin-film deposition techniques such as CVD or 
MBE but there are significant advantages. One is the high degree of control over the 
film properties resulting from the tight size-selection of the clusters and the ability to 
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independently vary the size of the deposited particles and their volume fraction. An- 
other is the possibility of producing nanogranular mixtures of miscible material like Fe 
and Co. There are many possible technological uses but in this section two case studies 
of applications of magnetic cluster assemblies that take advantage of the flexibility of 
the film nanostructure will be presented. 


4.1. Giant magnetoresistance 

Ever since the discovery, in 1992, of GMR in granular films consisting of magnetic 
nanoparticles in a non-magnetic matrix [106, 107], the origin of the effect has pro- 
voked much attention [108]. Although multilayer films in spin-valve structures have 
reached a very high level of performance in hard disk read heads, the GMR effect in 
nanogranular materials remains of interest both fundamentally and for high-field 
applications. Throughout this chapter, the ‘controllability’ of the cluster/atom depo- 
sition technique in terms of particle size and volume fraction has been emphasised. It 
should therefore be possible, using this method, to optimise GMR performance in 
terms of the total resistance change between saturated and field-off states. The first 
measurement of GMR in a nanogranular material produced by depositing clusters and 
a non-magnetic matrix was reported in 1997 [40]. 

A central issue in the production of granular films by cluster assembly is the effective 
size distribution of the embedded grains. Although the original clusters have a tight 
size distribution (even without mass selection) at the volume fractions required for 
high GMR performance, as shown in Section 3.5, the magnetic grains consist of 
several of the deposited clusters exchange-coupled to behave, magnetically, as single 
particles. It was also shown that the exchange-coupled aggregates interact via dipolar 
forces. In order to understand the variation of GMR with nanoparticle volume frac- 
tion, it is useful to compare the experimental data with the MC model that was used to 
analyse the magnetisation data from cluster-assembled films. 

Figure 23 shows the relative resistance change vs. applied field curves for two dif- 
ferent volume fractions of Fe clusters embedded in Ag (circles). Also plotted are fitted 
curves using the model of Zhang and Levy (lines) [109] showing good agreement for 
volume fractions up to the percolation threshold. The increasing GMR with volume 
fraction is evident in the figure but if the volume fraction is pushed higher the mag- 
nitude of the GMR decreases again. 

Even without inter-particle interactions, the GMR amplitude is expected to decrease 
at volume fractions above the percolation threshold as the clusters form a continuous 
network. The optimum volume fraction has been shown to be a result of the com- 
petition between the increasing number of magnetic centres that enhance the effect and 
the increase in the average grain size that suppresses it [110]. There is an additional 
reduction due to inter-particle interactions as is evident from the MC model. Figure 24 
shows that including the inter-particle dipolar interaction produces a suppression of 
the peak GMR response as a result of an increasing magnetic alignment. The dif- 
ference in spin-dependent valence electron scattering between the field on and field off 
states required for GMR is thus reduced. 

The occurrence of an optimum volume fraction for GMR performance is demon- 
strated clearly in Fig. 25a showing the maximum relative resistance change measured as 
a function of volume fraction for Fe and Co clusters embedded in Ag. In both cases, 
there is an optimum value but this is higher in the case of Co clusters. From the 
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Figure 23: Resistance change (defined by [R(H)—R(0)]/R(O)max) at room temperature for Fe clusters em- 
bedded in Ag at two different volume fractions (circles). The lines are fits using the model of Zhang and Levy 
[109]. Reproduced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 


previous discussion the reason for this can be identified. As shown in Section 3.3, Co 
clusters embedded in Ag have a much higher anisotropy than Fe clusters. This in- 
creased anisotropy maintains the magnetisation of the Co clusters along the (randomly 
oriented) local anisotropy axis against a stronger dipolar interaction between the clus- 
ters. This remains true when the relevant magnetic particles are exchange-coupled 
agglomerates of the deposited Co clusters. The dipolar interaction between Co particles 
(isolated clusters or agglomerates) is also weaker than between Fe clusters due to their 
lower spin moment. Thus, the Co clusters can be packed to a higher density before the 
dipolar interactions start to degrade GMR performance. This shifts the GMR peak to 
a higher volume fraction and thus also to a higher value. This behaviour is reproduced 
by the MC model as shown in Fig. 25b for interacting and non-interacting clusters, 
which, in the limit, can be taken to represent the case of Fe and Co clusters. The model 
predicts a higher resistance change than is observed however. 


4.2. High moment soft films 

The possibility of producing materials whose magnetisation exceeds the Slater- 
Pauling limit of 2.45 T (in Fez9Coso alloy) by using cluster assembly was first suggested 
by measurements of enhanced magnetic moments in free Fe, Co and Ni clusters 
containing less than 600 atoms [7]. The XMCD results from Co-coated Fe clusters 
presented in Section 2 showed that it is possible to produce a magnetic moment in the 
coated particles that 1s as high as in a free Fe cluster. This suggests that depositing Fe 
clusters in conjunction with a Co matrix as in Fig. 1 could lead to films with a high- 
saturation magnetisation, possibly exceeding 2.45 T. 
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Figure 24: GMR vs. sample magnetisation for (a) amonodisperse sample and (b) a polydisperse sample. For 
both samples the volume fraction is 25%. Open circles are non-interacting anisotropic clusters, closed circles 
are interacting anisotropic clusters and triangles are interacting isotropic clusters. The dotted lines are fitted 
parabolas. Reproduced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 


Verifying this possibility using size-selected nanoparticles is far from trivial. To 
begin with XMCD measurements can be performed on tiny amounts of material 
(70.1 A equivalent film thicknesses) and so depositing a suitable sample with tight 
mass selection is not a problem. To produce enough material using size-selected clus- 
ters to get an accurate moment determination using a conventional magnetometer 
such as a VSM requires very long deposition times with normal cluster sources. Using 
a much more sensitive SQUID magnetometer is not helpful since this also amplifies 
the substrate (background) signal. To get a high-precision measurement requires 
enough magnetic material to produce a bigger ferromagnetic signal than the diamag- 
netic or paramagnetic background from the substrate, which in practise means a film 
~500A thick. The other technical problem is that there is no reliable high-precision 
measurement of the amount of material deposited on a thin film. 

In a recent study [111], the technical hurdles were overcome by using aerodynamic 
lensing [112] to produce a high flux of particles of about the right size and producing 
large numbers of samples so that averaging could be carried out. The amount of 
material in the samples was determined by calibrating a quartz oscillator thickness 
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Figure 25: (a) Resistance change (defined by [R(H)- R(0)]/ R(O)max) at 2 K vs. volume fraction for Fe clusters 
in Ag (filled circles) and Co clusters in Ag (open circles). (b) Dependence of GMR on magnetic particle 
concentration predicted by the MC model. Open circles are non-interacting anisotropic clusters and closed 
circles are interacting anisotropic clusters. The percolation threshold is at a volume fraction of 0.3. Re- 


produced from Ref. [43] with permission from IOP Journals on 6 Jan. 2007. 
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Figure 26: Magnetic moment per atom in films of Fe clusters (mean size 150 atoms) embedded in Co 
matrices as a function of Fe volume fraction (filled circles). The amount of Fe was determined using a quartz 
oscillator calibrated using pure Fe and pure Co films. The black line is the Slater-Pauling curve for con- 
ventional FeCo alloys. The open circles show some measured values obtained by swapping materials, i.e. Co 
clusters embedded in Fe matrices. The magnetisation curve obtained from the Fe2sCo7s5 mixture is shown 
and demonstrates the magnetic softness of these nanostructured films. 


monitor using the magnetic signal in a VSM. Figure 26 shows the measured mag- 
netisation per atom as a function of volume fraction for Fe nanoparticles containing 
about 150 atoms in a Co matrix (filled circles). The Slater-Pauling (SP) curve for 
homogenous Fe-Co alloys is shown for comparison. It is clear that at low Fe volume 
fractions, the cluster-assembled film has a higher magnetisation per atom, but at the 
percolation threshold a drastic reduction to well below the SP curve occurs. This is 
predictable since above the percolation threshold the film can be considered to be a 
phase-separated mixture of Fe and Co so the moment will be a weighted average of the 
bulk Fe and Co values. Recent calculations by Bergman et al. using a relativistic first- 
principles real-space density functional theory [113] were able to model this complex 
system and they found enhanced spin and orbital moments on the Fe clusters but the 
Co moments remained close to the bulk value. The model did indicate that clustering 
always produced a lower moment than the homogenous alloy but this does not agree 
with the experimental data, which indicates a higher moment in the cluster-assembled 
film than the homogenous alloy up to the percolation threshold. One possible reason is 
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Table 6: Calculated moments of Co clusters in Fe shells and vice versa. 











Cluster Co Fe Average u/atom (up) 
my, (ug) ms (uB) mr (ug) my (ug) ms (ug) mr (ug) 

Co0339F e302 0.13 1.74 1.87 0.13 2.74 2.87 2.34 

Fe339C0302 0.22 1.79 2.01 0.10 2.38 2.48 2.26 





that the EXAFS data (Section 3.1) indicate some inter-mixing at the boundary be- 
tween transition metal clusters and transition metal matrices. As shown by Xie and 
Blackman [86], this tends to increase the spin moment in the Fe to a higher value than 
in the case of an abrupt interface. More recently, a new calculation by Bergman 
showed that the largest moments are to be expected in the case of Fe clusters 
embedded in an FeCo alloy [114], which is similar to the case of Fe clusters in pure Co 
but with a mixed interface. 

In a film with densely packed nanoparticles, the matrix itself will be in a nano- 
granular form and so in principle one can make the nanogranular Fe-Co by having 
either material deposited as nanoparticles. If the materials are swapped, that is Co 
nanoparticles are embedded in an Fe matrix (open circles in Fig. 26), the high Fe 
volume fraction end of the granular mixture can be investigated. The measured mag- 
netisation at this end of the curve could well exceed the SP maximum but the large 
error bars prevent a confident assertion of this point. In addition, even embedded 
cluster films will probably not achieve 100% of the bulk density and the actual po- 
rosity of the embedded cluster films is not known. In Section 3.1 it was shown that Co 
clusters in Fe matrices have the bcc structure and the more open atomic structure may 
well produce an extra enhancement in the magnetisation of the Co nanoparticles. 
A recent tight-binding calculation (Table 6) of core-shell FeCo nanoparticles with a 
bcc structure containing 339 atoms in the core and 302 atoms (two monolayers) in the 
shell indicates that the moment is higher if the Co is the core material [115]. As shown 
in Section 3.6, the nanostructured morphology makes cluster-assembled materials 
magnetically soft and this is illustrated by the magnetisation curve of the Fe?5Co;;s 
mixture shown in Fig. 26. 


5. CONCLUSIONS AND SUMMARY 


This chapter has described the structure and magnetic properties of pre-formed gas- 
phase magnetic clusters deposited on surfaces and embedded in matrices by co- 
deposition with an atomic vapour. Isolated Fe and Co clusters deposited on substrates 
in UHV and left exposed show enhancements in their orbital and spin magnetic 
moments. In some cases, enhancements are observed in the orbital moment even for 
very large clusters containing 750,000 atoms. The variation in the orbital moment of 
exposed Fe clusters on surfaces suggests a bcc-fcc transition at a few hundred atoms 
and a transition to a non-fcc phase for very small clusters. Coating exposed Fe clusters 
with Co in situ produce a total magnetic moment localised on the Fe atoms as large as 
in free Fe clusters of the same size. As the surface coverage of clusters 1s increased to a 
dense monolayer, the orbital moment is observed to drop towards its bulk value 
though there is evidence that an enhanced spin moment is maintained. 
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Structural studies of clusters embedded in matrices by co-deposition show that the 
atomic structure depends on the matrix material and appears to be dominated by 
epitaxy with the matrix. Thus, Fe clusters in Ag matrices are found to have the bcc 
structure, while in Cu the Fe clusters adopt the fcc phase. Similarly, Co clusters can be 
produced in the bcc or close-packed phase by choosing a suitable matrix material. 
When embedded in amorphous carbon, the clusters structure becomes more depend- 
ent on the intrinsic cluster energy terms and is probably the same as in free clusters. 

It has been shown that the interface between the clusters and matrix can be sharp 
for noble metal matrices but some degree of intermixing occurs for transition metal 
matrices. Even for highly miscible materials such as Fe and Co, however, the cluster 
deposition technique still produces pure metal cluster cores. The cluster/vapour 
co-deposition technique is thus able to produce nanogranular versions of alloys. 

Very low volume fractions of clusters embedded in non-magnetic matrices demon- 
strate perfect superparamagnetism but for volume fractions above ~5% the effect of 
interactions is observed. As the volume fraction increases up to the percolation 
threshold, the cluster assembly consists of exchange-coupled aggregates of increasing 
size that interact with each other via dipolar forces. The overall effect is a magnetic 
softening of the film magnetisation. For pure cluster films, the behaviour becomes 
characteristic of a CSSG, which is very soft magnetically. 

Magnetic thin films produced by the co-deposition technique have very flexible 
properties and by varying the size and volume fraction of the nanoparticles, which can 
be done independently, it is possible to exercise a great deal of control over the 
magnetisation behaviour of the materials. This flexibility coupled with the ability to 
produce nanogranular mixtures of miscible metals could lead to new high-perform- 
ance materials such as soft magnetic films whose magnetisation exceeds the Slater- 
Pauling limit. It is likely that deposition of gas-phase clusters will be used in an 
industrial application within a few years. 
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1. INTRODUCTION 


Atomic clusters, small particles, and the nanostructures derived from them constitute a 
vast research area with multiple subfields and a truly interdisciplinary character. One of 
the most interesting and challenging subjects in nanoscopic physics is the study of 
many-body phenomena. On the one side, one would like to identify the effects that are 
specific to small particles and that differentiate them from molecules and condensed 
matter. On the other side, one would like to understand how the physical properties are 
modified in the finite-size regime as a function of size, composition, and local atomic 
environment, particularly in order to link the behavior of atoms and solids. From the 
cluster perspective, the latter can be regarded as the limits of a much richer and often 
quite complex dependence as a function of the number of atoms. One may in general 
distinguish a small-size or microscopic regime, where the changes of the physical 
properties with size are very strong, a large-size or mesoscopic regime, where statistical 
and scaling concepts apply, and in between a more or less extended crossover region. 
Cluster magnetism is a problem of central importance in this context. During past 
decades, most of the experimental and theoretical studies in the field have been con- 
cerned with transition-metal (TM) clusters, which motivate remarkable fundamental and 
technological interests. One of the main goals of these investigations is to understand 
how the magnetic behavior evolves as the valence electrons of an isolated atom start to 
delocalize throughout the cluster and how the itinerant magnetism characteristic of TM 
solids is achieved. In this case, the hybridization among the d shells and the resulting 
d-band formation plays a dominant role. Consequently, electronic-structure contribu- 
tions such as size, geometry, and composition dependence leading to band narrowing, 
local environment, and proximity effects have attracted considerable attention [1—3]. 
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Two of the main characteristics of a magnetic material are the ground-state mag- 
netic moments and the magnetic anisotropy energy (MAE). The former determines the 
saturation magnetization and the latter measures the stability of the magnetization 
direction with respect to external fields or temperature fluctuations. These properties 
play a central role in technological applications (e.g., high-density recording media, 
memory devices, or spin electronics) and are very sensitive to electron correlation 
effects and to the size, dimensionality, and composition of the system. Experiments on 
clusters and nanoparticles of TM elements have revealed a variety of remarkable 
effects not only in the gas or environment-free phase but also when deposited on 
surfaces or embedded in a matrix. 

From the point of view of theory, recent methodological and technical developments 
have opened the way to an increasing number of systematic first principles calculations 
on magnetic nanostructures by using density-functional methods [4-8]. Still, numerous 
problems such as the determination of finite-temperature properties or the magneto- 
anisotropic behavior of low-symmetry systems remain a theoretical challenge. There- 
fore, the development of simpler yet reliable electronic models remains crucial in order 
to boost the progress in this field. Local approaches to electronic structure theory have 
proven to be particularly successful in this context, since they allow to relate in a 
transparent way the electronic and magnetic properties to the specific local environ- 
ment of the atoms [9, 10]. The derived information is thus complementary to first 
principles studies, which are often limited by small size or translational symmetry 
restrictions. 

The purpose of this chapter is to review recent developments on the theory of mag- 
netic clusters and nanostructures giving emphasis to the properties of transition metals. 
The large variety of experimental methods of cluster production and nanostructure 
formation motivates the study of different physical situations, namely, free clusters, 
individual nano-objects embedded in matrices or deposited on surfaces, and nano- 
structures made of ensembles of interacting particles. It is one of our goals to identify 
their common features and specific behaviors. The remainder of the chapter is organ- 
ized as follows. In Section 2, we recall the theoretical background and approximations 
used in the calculation of ground-state properties like spin and orbital moments, mag- 
netic order, and anisotropy energies. The applications of the method are given in 
Sections 3-5 and include free and embedded clusters, binary alloy particles, as well as 
clusters deposited on surfaces. In Section 6, the theory is extended to finite temper- 
atures in the framework of a functional integral formalism. The environment depend- 
ence of spin fluctuation energies and magnetization curves is analyzed in the case of free 
clusters and thin films. Electron correlation effects beyond mean-field approximation 
are discussed in Section 7 by considering two particularly relevant problems: the inter- 
play between electron correlations, magnetism and cluster structure, and the Kondo 
screening of magnetic impurities in small metallic particles. Finally, we conclude in 
Section 8 by pointing out some interesting future research directions. 


2. GROUND-STATE THEORY 


In this section, we briefly recall the electronic models relevant for describing the 
magnetic properties of TM nanoparticles and nanostructures at surfaces. The main 
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properties of experimental and technological interest — for example, the spin and 
orbital moments, magnetic order, and anisotropy energies — are mathematically re- 
lated to the microscopic magnitudes that characterize the cluster electronic structure 
such as the Coulomb and spin-orbit interactions, local densities of states, and spin- 
density distribution. This theoretical framework is used in subsequent sections to 
analyze the size and structural dependence of the magnetic properties of nanostruc- 
tures in order to discuss the electronic origin of several experimental observations. The 
extension of the theory to finite temperatures is outlined in Section 6.1. A rigorous 
treatment of electron correlation effects is presented in Section 7. 


2.1. Model Hamiltonians and mean-field approximation 

We consider the non-relativistic Schródinger equation for the valence electrons and 
expand the field operator W,(r) = 0i,¢i,(")Cine for spin o in a set of orbitals dur) 
centered at each atom i, where « refers to the different s, p, and d orbitals. The 
Hamiltonian can be written as H = Ĥo + V, where 


Ho — MPG Cpe (1) 
takes into account the single-particle hybridizations and 


SE KK Q) 


co! ijkl aßyö 


is the electron-electron interaction. The transfer or hopping integrals d correspond to 
single. electron transitions between the orbital f at atom j and the orbital « at atom 
i. d = 2 stands for the single-particle energy level of the orbital ix. The Coulomb 
integrals v% ò represent transitions of a pair of electrons from the orbitals ky and /ó to 
the orbitals ix and jp. 

The intra-atomic terms in V are the dominant ones for the magnetic properties. As 
already discussed, they are responsible for the Hund-rule correlations that lead to the 
formation of local magnetic moments in an open d shell. Therefore, in first approxi- 
mation, we may treat explicitly only the intra-atomic Coulomb terms (i = j = k = J) by 
including the interatomic Coulomb contributions as a mean-field correction to the 
single-particle potential and hopping integrals. In this way, the interatomic terms 
screen quite efficiently the potential generated by the ions beyond the Ist or 2nd nearest 
neighbor shell. An explicit treatment of interatomic contributions becomes important 
for heterogeneous clusters, such as TM oxides, where important site-dependent charge 
transfers occur. 

The Coulomb integrals (eg 7?" are approximately proportional to the product of 
the overlap between du and and between du and d, Thus, the interaction 
Hamiltonian may be simplified by retaining explicitly only the terms involving at most 
two different orbitals, namely, the direct terms having ix = /ó and jp = ky, and the 
exchange terms having ix = ky and jp = lô (two-center approximation). Thus, the 
interaction term takes the form 


= SECH + (Uag — Jp MixoNipo] — 2 DI Jap( 85,5 Sip + Sin Sal (3) 
bag Lab 
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where A. is the number operator and $7 = E j the spin-1/2 raising operator 
[8 = Gt). Usp = VE and Jog = = yer refer, respectively, to the direct and ex- 
change Colomo integrals Lu the orbitals « and f of atom i. For homogeneous 
clusters, they are independent of i. U,, acts irrespectively of the electrons’ spin and 
controls charge transfers among the different orbitals. J,5 is responsible for Hunde 
first rule in the atom and for the formation of spin moments. Finally, the orbital 
dependence of U,, and J,g tends to stabilize the formation of orbital moments and 
leads to Hund’s second rule in atoms [11]. With present computer facilities, it is 
possible to perform mean-field ground-state calculations on small clusters using 
complex multiband models that treat all s, p, and d valence electrons explicitly 
(e.g., Hartree-Fock or density-functional theory in the local spin-density approxi- 
mation). The situation changes completely when electron correlation effects or finite- 
temperature properties are explicitly addressed. In this case, it is necessary to simplify 
the valence-electron dynamics further by focusing on the d orbitals responsible for 
magnetism. Comparative studies between spd and d models at T=0 show, as 
expected, that the magnetic properties of TM systems are largely dominated by the 
d valence electrons. Therefore, one often restricts « and ß in Eqs. (1) and (3) to the 
3d states. 

In the mean-field approximation, the fluctuations of the correlation term are neg- 
lected and the Hamiltonian is given by 


H= 5 SincNiag + 5 ti Pot tipo (4) 
ino izj 
apo 


with 


Eixo = a + H (v aß — =) Vip — > Japkip (5) 
B 


Here, vig = Lier) + (Aipy) and uig = (figs) — (Aig,) refer, respectively, to the average 
occupation and spin polarization of orbital if (c = +1). Notice that we have assumed 
here for simplicity that the magnetic moments are collinear (i.e., (s+) = 0, V ix). The 
collinear state is always a self-consistent solution since, in the absence of spin-orbit 
interactions, the eigenstates of H are products of spin-up and spin-down states when 
(s+) = 0. However, it is sometimes possible to find lower-energy solutions having non- 
collinear arrangements of the local spin polarizations. This is the case when magnetic 
frustrations are present, for example, in antiferromagnetic (AF) compact clusters or at 
the interfaces between ferromagnetic (FM) and AF materials (see Refs. [12-15]). 
The average occupation numbers (n;,,.) are determined self-consistently from 


^ °F 
(Nias) = / pigs (€) de 
where 
1 
Piag(€) =— mine iao(®)} 


is the local density of sate (LDOS) per spin orbital and G;, ;,,(c) the local Green's 
function [G = (s — H) !]. A particularly efficient way of determining p;,,(e) in systems 
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lacking translational symmetry (free and deposited clusters, surfaces, thin films, etc.) is 
the Haydock-Heine-Kelly's recursion method [16], which expresses Giggjac(é) as a 
local expansion around each atom i of the cluster. This local approach is physically 
very appealing since it stresses the role of the local environment as a function of size 
and composition, or as we move from the interior to the surface of the cluster. 


2.2. Relativistic corrections 

In non-relativistic (NR) quantum mechanics, the total spin operator S= 3 m com- 
mutes with the Hamiltonian operator and therefore the direction of the magnetization 
relative to the cluster structure plays no role in the electronic properties. Thus, in the 
absence of an external magnetic field, the NR ground-state and excited-state energies 
are independent of the direction of the magnetization. However, the electronic and 
magnetic properties of real ferromagnets do depend to some extent on the orientation 
of the magnetization with respect to the crystal structure and to the external shape of 
the system. This is a consequence of relativistic corrections to the single-electron 
dynamics (Dirac equation) and to the electron-electron interaction (Breit interaction) 
(see, for instance, Ref. [17]). The leading contributions are of second order in the ratio 
v/c between the velocity of the electrons and the velocity of light. 

The relativistic corrections to the electron-electron interaction have two origins. 
First, the electrons are moving charges and therefore each electron interacts with the 
magnetic field generated by the current and by the spins of the other electrons. Second, 
the electromagnetic interactions are mediated by photons which travel at the speed of 
light and are thus affected by retardation effects. In the Hartree approximation to the 
Breit interaction, the magnetic dipole-dipole energy Epp is given in terms of the 
magnetization density m(r) = (mí(r) [17, 18]. For transition metals, Epp may be 
obtained as the sum of the dipole-dipole interactions between the local magnetic 
moments ji; at each atom i: 





p= fy P d „Ri: lij XR; - Hi) 


RS (6) 


izj Ry 

The dipole-dipole interaction energy between pairs of local moments is very small 
even at nearest neighbor (NN) distances (Ej,73 x l0 "ey for Ro~2.5A and 
u œ lug). However, Epp decreases slowly as a function of distance (Epp ~ 1/ R5) 
and the summation over pairs ij converges very slowly. Therefore, Epp depends on the 
shape of the nanoparticle or nanostructure. 

The other relativistic corrections to the Schródinger equation come from the single- 
electron dynamics which is given by the Dirac equation. The non-relativistic limit of the 
Dirac equation including the terms up to the order (v/c)? is the Pauli Hamiltonian [17] 


Hpaui = Hyr + Hsr + Hso (7) 


One distinguishes, on the one side, the non-relativistic (Schródinger) term Hyg and the 
scalar relativistic corrections Han, usually included in the external (pseudo)potential 
that defines the hopping integrals [see Eq. (1)]. On the other side, one finds the spin- 
orbit interactions 


n SCHER 
2n? cr m 


Hso = = a(r) é.3 (8) 
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which are qualitatively important since they modify the symmetry of the wave function 
[19]. The spin-orbit coupling represents the interaction of the magnetic moment of the 
electron with the magnetic field that results from the electronic motion relative to the 
lattice potential V(r). Since the electric field is strongest close to the nuclei, the spin— 
orbit (SO) effects are most important for the heaviest elements and for the most 
localized orbitals (core-electron states and d or f valence orbitals). For the d-electrons in 
transition metals, it is a good approximation to consider only the intra-atomic terms. 
Thus, Hso may be expressed as 


Hso = — 5 é (Li Sao po! Cina Cio! (9) 
i,a0,Bo’ 
where €; is the SO coupling constant at atom i (e.g., €;= Eco or Epa, €;>0), and 
(Li S "JL er are the matrix elements of Ê. š among the d states, that couple the up and 
down spin manifolds, depending on the relative orientation of the magnetization with 
respect to the lattice structure. 

The redistributions of the spin-polarized electronic density which follow the specific 
local environment of different atoms are crucial for the properties of itinerant electrons 
in nanostructures. Since the SO interactions are very sensitive to the details of the 
electronic spectrum, the properties related to SO interactions (e.g., orbital moments 
and MAEs) depend significantly on the spin-density distribution and on the variables 
that define it. For this reason, it is meaningful to perform accurate self-consistent 
calculations for each orientation of the magnetization and in particular to derive the 
MAE in a non-perturbative fashion as difference between electronic energies. In 
the following, a self-consistent tight-binding approach is considered, as extended to 
include SO interactions [3]. The Hamiltonian is given by H = Hot Hc+ Hso, where 
the interatomic hopping term Ho and the Coulomb interaction term Hc are the same as 
in Eqs. (1) and (3), and the SO coupling term Hgo is given by Eq. (9). The average 
d-electron occupation at site i, 


n(i) = 3 (dir) + (44) (10) 


and the local spin magnetic moment, 


Sis) "3 SEH Nig) — Liz (11) 


are calculated self-consistently by integrating the LDOS Ping®) up to the Fermi energy 
er. Since p). depends on the magnetization direction ô, it is determined by performing 
independent self-consistent calculations for each orientation of M. In this way, the 
effects of hybridization, Coulomb, and SO interactions are treated on the same footing. 

Once self-consistency is achieved, the average local orbital moments (Ls) at atom 
i along the magnetization direction 6 are calculated from 


S > m ph, (o) de (12) 


GC m-—— 


where m indicates the magnetic quantum number. For simplicity, the quantization axis 
of the orbital momentum is here taken to be the same as the spin-quantization axis. 
The other components of (L;) can be obtained in an analogous way by rotating the 
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orbital quantization direction. The cluster average of (Ls) =)“ ‚(Li))/N can 
be compared with the outcome of X-ray magnetic circular dichroism (XMCD) 
experiments [20-25]. 

The electronic energy E; = %;Es(i) can be written as the sum of local contributions 


ie 
e p, (c) de — EL (13) 


Es(i) = >| H l ds 


ao m 


corresponding to the different atoms i of the deposited cluster and its environment. 
Here, Hm = (1/2)A&;, (N) stands for the double-counting correction. The MAE is 
defined as the change AE,; in the electronic energy associated to a change in the 
orientation of the magnetization from the direction ó to the direction y. In the case of 
deposited clusters, one usually considers the direction ó — z perpendicular to the sur- 
face and two directions within the surface plane: y = x along an NN bond and y = y 
perpendicular to £. Thus, positive (negative) values of the off-plane anisotropy energy 
AE,- = E, — E, indicate a perpendicular easy (hard) axis. Taking advantage of the 
local formulation, one may express AE,; = X; AE,;(i) as a sum of atom-resolved 
contributions 


AE,s(i) = E,(i) — Es(i) (14) 


where E;(i) and E,(i) are given by Eq. (13). Thus, the magneto-anisotropic properties 
can be related to the various local atomic environments. Notice that the calculation of 
AE as difference of Ey’s is a non-perturbative approach that includes in particular the 
effects of spin-density redistributions resulting from SO interactions. This requires a 
very precise determination of E; and of the self-consistent equations, since AE: is 
usually a small quantity of the order of a meV. 

A simple physical picture for the MAE and its relation to the orbital moments 
can be derived for homogeneous systems in the limit of saturated magnetic moments 
with large exchange splitting our — Sat = Ju [26]. In this case, at lowest-order per- 
turbation theory, we may neglect the terms that mix spin-up and spin-down states. 
Thus, Hso x (é IDE Ciar — liz) can be regarded as a magnetic field acting on the 
orbital moment fiso. Moreover, (Hso)/Na = (&/2) ((L-+})—(L-,)), where (L4) is the 
average orbital moment per atom. Taking the up spins as the majority ones, we have 
(L4) +0 for na< 5, and (L4) «0 for na> 5, which implies that (Hso)Na ~ t (6/2) (LZ) 
with the + (—) sign corresponding to ng< 5 (n4 5). As in the atom, antiparallel (par- 
allel) alignment of (L.) and (S.) is favored for n4« 5 (nj7 5). Under the previous 
assumptions, the anisotropy of the energy AE: is proportional to the anisotropy of 
the orbital moments AL,; = (L,)-(L;) and the lowest-energy magnetization direction 
(easy axis) is the one yielding the largest orbital moment. Qualitatively, one may say 
that in order to minimize the energy, the spin magnetization is "turned" to the 
direction yielding the largest \(L)|. It should be, however, recalled that a simple 
proportionality relation between AE,; and AL,; is not strictly valid in general. Fully 
self-consistent calculations have in fact revealed a number of exceptions, particularly 
when the spin moments are not saturated or when the anisotropy of the orbital 
moments is small [27, 28]. 


542 G.M. PASTOR AND J. DORANTES-DÁVILA 


3. FREE AND EMBEDDED CLUSTERS 


3.1. Simple trends as a function of coordination number 

The lowest-order local approximation to Gell is the second-order approximation 
which is obtained by taking into account only the contributions to ae ;,,(s) from the 
nearest neighbors of atom i. Dropping the orbital dependence (U,g = U, Jag = J) and 
averaging over « one obtains 


1/2 


sy 2 
pte) = {1 PZ: (15) 


Wi 





where w? = (zi/z;)w; is the second moment of the local DOS. w; = wp /z;/zy plays the 
role of an effective local band-width that depends on the local coordination number 
z; at the cluster atom i. z, refers to the coordination number in the bulk (z, = 12 fora 
face-centered cubic (FCC) lattice, for example) and w; to the bulk band-width. Except 
close to the band edges, the reduction of local coordination number results in a 
reduction of the local effective band-width and thus in an enhanced paramagnetic 
density of states p;o(er) at the Fermi energy. 

The resulting self-consistent magnetic moments are given in Fig. 1. This very simple 
approximation already explains qualitatively various major trends in low-dimensional 
TM magnetism: 


(i) The local spin magnetic moments u; increase as the local coordination number 
decreases since the kinetic (promotion) energy involved in the formation of local 
moments is smaller for larger p;,(c) (Stoner's criterion). Thus, surface atoms have 
larger spin-moments than the atoms inside the cluster. In addition, the enhance- 
ment of (S;-) is more important at open surfaces than at closed ones [10, 29]. 

(ii) The average spin moment per atom ñy of an N-atom cluster increases with 
decreasing N since (z;) decreases. Moreover, the enhancement of ä, originates at 
the cluster surface where z; is smallest. 
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Figure 1: Self-consistent magnetic moments as a function of J/w, as obtained by using the second-moment 
approximation to the local density of states [3]. 
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(iii) Bond-length contraction results in a reduction of u; and ñy since for shorter 
interatomic distances, the hopping integrals and thus w, increase. 

(iv) It is in principle possible that TMs which are non-magnetic in the bulk could 
develop non-vanishing magnetizations if the system dimensions are reduced. 
This has been observed experimentally in the case of Rhy clusters [30, 31]. For 
specific quantitative calculations on Rhy, see Refs. [32-37]. 


It is clear that such a simple structureless LDOS cannot explain many other im- 
portant properties. Equation (15) fails to reproduce that in clusters iiy can only take 
discrete values due to the discreteness of the electronic spectrum in a finite system. The 
same holds for the changes in the local spin moments observed even for atoms having 
a complete NN shell below the cluster surface. Equation (15) is also unable to dis- 
tinguish between different magnetic orders which may depend on the cluster structure, 
as obtained, for example, in body-centered cubic (BCC) and FCC Fe clusters [38]. 
These are just a few examples. Nevertheless, despite these drawbacks, the second 
moment approximation remains an illustrative start point for a more rigorous analysis 
of cluster magnetic properties from a local perspective. A detailed review of theoretical 
studies on clusters may be found, for instance, in Ref. [3] and references therein. 


3.2. Magnetic clusters in matrices 

The magnetic properties of embedded clusters can be significantly modified by the 
interactions with the matrix if the hybridizations are strong. This is often the case for 
metallic substrates, particularly when the magnetic behavior of the cluster and the 
matrix are very different. For example, very strong effects have been found in Co or Fe 
clusters embedded in Nb (non-magnetic), or in Cr (antiferromagnetic) [39, 40]. In 
the latter case, one observes that if the size of the embedded Fe cluster is small, the 
magnetic order within the Fe cluster is antiferromagnetic with strongly reduced local 
magnetic moments u(i). In other words, very small Fe clusters adopt the magnetic 
order induced by the spin-density wave of the Cr matrix. This contrasts with the 
behavior observed for free clusters which show ferromagnetic order and p(i)> uj. For 
larger Fey in Cr (N Z6), one observes the expected transition from antiferromagnetic 
to ferromagnetic order within Fey. However, close to the interface with the matrix, the 
u(i) remain significantly smaller than jj. The magnetic moments of the Fe atoms are 
very sensitive to the local chemical environment. In fact, (S;-) re is found to be roughly 
proportional to the number of Fe atoms Zpe(i) found in the first NN shell of atom 
i. Moreover, the average magnetization per atom is always smaller than u,(Fe) due to 
the contributions of interface Fe atoms. The trend is thus opposite to that of free 
clusters or infinite surfaces. Similarly, strong effects are observed in the case of Co 
clusters in Nb, where the magnetic moments of the Co atoms at the Co-Nb interface 
are simply quenched due to strong hybridizations with the environment. 

The magnetic behavior of clusters of antiferromagnetic and non-magnetic materials 
like Cr and V also show very interesting proximity effects when they are embedded in 
ferromagnetic matrices [40]. As a representative example, Fig. 2 shows the spatial 
distribution of the local moments u(i) of Cry clusters in bulk Fe. A similar behavior is 
found in the case of V y clusters in Fe. One observes that at the interface, the magnetic 
coupling between cluster and matrix local moments is antiferromagnetic. Moreover, 
the u(i) of Cr and V atoms are enhanced considerably by the presence of Fe atoms in 
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Figure 2: Local magnetic moments u(i) for Cry clusters embedded in Fe as a function of i Dots (crosses) 
correspond to Cr(Fe) atoms. The non-equivalent atomic sites i are ordered by increasing distance to the 
center of the cluster. 


their first NN shell. In contrast, the u(i) at Fe atoms close to the cluster usually tend to 
be reduced, although in a few cases a slight enhancement of the Fe moments is found 
(about 5%). The ferromagnetic order of the matrix is never altered by the embedded 
cluster even close to the interface. However, there are appreciable variations of the u(i) 
at Fe atoms, which converge rather slowly to the Fe-bulk moment as the distance to 
the cluster increases. Remarkably, for very small sizes (V<6), the magnetic order 
within the cluster is ferromagnetic like, with the cluster moments being antiparallel to 
the magnetization of the Fe matrix. This is a consequence of the strong tendency to 
antiferromagnetic NN coupling between Cr and Fe and between V and Fe, since in 
this size range all cluster atoms are at the interface. For larger sizes (N29), the 
magnetic order within the cluster changes to antiferromagnetic like. The local mag- 
netic moments u(i) of the cluster remain enhanced at the interface with the matrix. For 
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Cry, one finds antiferromagnetic alternations of u(i) with nearly constant |u(i)| at the 
interior of the cluster, while in the case of large V y clusters |u(i)| decreases rapidly as 
we move from the interface to the cluster center. 

The electronic densities of states (DOS) of Cry and Vy embedded in Fe reflect very 
clearly the size-dependent changes of the magnetic order within the cluster and the 
proximity effects. For instance, for N — 2 the cluster DOS is qualitatively similar to 
the DOS of bulk Fe, besides the fact that minority and majority spins are interchanged 
(AF coupling at the interface). Only for larger sizes like Crs; and Vs;, the main 
features of the corresponding bulk DOS (Cr or V) start to develop. 

Let us point out that, in contrast to magnetic matrices, inert matrices or colloidal 
solutions have a relatively weak effect on the electronic structure of the nanoparticles. 
In these cases, the properties of embedded clusters often resemble those of free clusters 
in many respects. A particularly interesting situation is found in clusters on surfaces 
which experience both the reduction of the local coordination number, as free clusters, 
and the cluster-substrate interactions, as embedded clusters. A variety of remarkable 
magnetic behaviors result from these competing effects. The subject is of major current 
interest and shall be discussed in some detail in the following sections. 


3.3. Magnetic anisotropy of small clusters 
Table 1 shows results for the MAE of small Fe clusters with different structures and 
interatomic distances [27]. The main general trends may be summarized as follows: 


() The MAE is much larger in small clusters than in the corresponding crystalline 
solids. In fact, the anisotropy energy AE is often even larger than in thin films. 
For instance, AE--4—5 meV is a typical value for clusters (see Table 1). This is in 
agreement with experiments on free clusters and supported Fe nanoparticles [41]. 

(ii) AE depends much more sensitively than the spin moments on the geometrical 
structure of the cluster. Indeed, changes of sign in AZ are found as a function of 
the interatomic distance d even in situations where the magnetic moments are 
nearly saturated and therefore do not depend on the cluster structure. 


Table 1: Size and structural dependence of the MAE of Fey clusters [27]. 








N Structure AE (did; = 1.05) AE (did; = 1.00) AE (d/d, = 0.90) 

3 (a) 5.13 (1.43) 5.30 (—1.01) —0.11 (-0.10) 
(b) 2.01 1.69 1.25 

4 © 5.02 (—0.48) 5.21 (—0.59) —1.03 (—0.11) 
(d) 0.30 (—0.12) 0.27 (—0.12) 0.33 (0.31) 

5 © 0.29 (—1.01) 0.28 (—0.82) —0.10 (-0.75) 
(D 1.09 (—0.01) 0.88 (—0.03) —0.07 (0.04) 

6 (g) —1.25 (-0.76) —1.12 (-0.62) 0.33 (0.29) 
(h) 4.66 (0.04) 4.82 (—0.02) —0.07 (-0.23) 

7 (i) 1.78 (0.40) 1.91 (0.09) 2.22 (0.30) 
G 4.32 (-0.03) 4.52 (-0.02) 0.39 (0.00) 





The off-plane MAE AE = E, — E; and the in-plane MAE AE = E, - E, (results in brackets) are given in meV for different 
values of the interatomic bond-length d (dp = bulk NN distance). Different structures are considered for each cluster size: 
(a) triangle, (b) chain, (c) square, (d) rhombus, (e) trust, (f) square pyramid, (g) triangle, (h) square bipyramid, (i) hexagon, 
and (j) pentagonal bipyramid (see Ref. [27]). 
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(iii) The magnetic energy surface of low-symmetry clusters is in general quite com- 
plex. In particular, the in-plane MAEs are often found to be very important. In 
some cases, they are even larger than the usually considered off-plane anisot- 
ropy. The in-plane MAE is of course largest for low-symmetry structures and 
decreases, though not monotonically, as the angle between non-equivalent x and 
y directions decreases. Experiments support these conclusions. 


The strong sensitivity of the magnetic anisotropy on the details of electronic struc- 
ture and the trends for different transition metals are illustrated by calculations as 
a function of the d-band filling nu In Fig. 3, the MAE AE,. and the anisotropy 
AL... = (L4 — (L4) of the average orbital moments are reported for a sevenatom 
TM cluster with a pentagonal bipyramid structure. The considered magnetization 
directions are 6 = z, along the principal C5 symmetry axis of the cluster, and 6 = x, 
which is perpendicular to z and to one of the nearest neighbor bonds in the pentagonal 
ring [28]. One observes strong oscillations and changes of sign of the MAE which 
indicate changes in the easy axis. These are related to the energy-level structure around 
&r and to the details of the SO mixing. The resulting changes in the electronic 
energy depend on the explicit form of Hgo and therefore on the direction of the 
magnetization. 

The anisotropy of the average orbital moments AL., = (L,) — (L4) shows very 
similar trends as AE,- with the most stable direction being in general the one that 
yields the largest (Ls), as predicted by perturbation theory [26]. Moreover, notice that 
the local orbital magnetic moments (L;5), the corresponding anisotropies AL,,(i) = 
(Liz) — (Lj), and the site-resolved contributions AE-,(i) to the MAE, are very sensitive 
to the local environment showing even changes of sign as a function of i. A similar 
behavior is found for other clusters and band-fillings [27, 28]. A more detailed dis- 
cussion on the role of orbital magnetism in magnetic clusters is presented in the 
following section. 
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Figure 3: (a) Magnetic anisotropy energy per atom AE, = E, — E; and (b) anisotropy of the orbital 
magnetic moments per atom AL,, = (L;) — (L4) in a seven-atom cluster as a function of d-band filling ng. 
The cluster structure and magnetization directions are illustrated in the inset of (a). 
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3.4. Size-dependent enhancement of orbital magnetism 

In atoms, Hund's rules predict maximum orbital angular moment L compatible with 
maximum spin multiplicity, while in TM solids, electron delocalization and band 
formation result in an almost complete quenching of (L). Such intrinsic differences 
between atomic and bulk behaviors are characteristic of systems developing itinerant- 
electron magnetism. Consequently, investigations of orbital magnetism in TM clusters — 
in the way from the atom to the solid — should reveal novel size-dependent phenomena 
that are important both from a fundamental standpoint and in view of applications of 
cluster-based magnetic nanostructures. These general considerations already indicate 
that (L) should be very sensitive to the local environment of the atoms. Indeed, recent 
experiments on chains [42, 43] and clusters at surfaces [20-23] show that (L) is typically 
a factor 2—5 larger than in the corresponding solids. Calculations on small supported 
clusters confirm these conclusions [4, 5]. Moreover, a size-dependent enhancement of 
(L) should have direct consequences on the results for the average magnetic moments 
per atom and on the comparison between theory and experiment [44—46]. It is therefore 
important to understand the dependence of orbital magnetism on variables like size, 
structure, local atomic environment, and d-band filling. 

In order to analyze the crossover from atomic L to bulk-like quenching of (Z) with 
increasing size, we focus first of all on Niy clusters. Besides its experimental rele- 
vance, Ni is a very interesting system since the differences between atomic and bulk 
orbital moments are dramatic (L = La = 2ug in the atomic sid? configuration, and 
(L) = L, = 0.05ug in the solid). In addition, the spin moments in Niy are the smallest 
among the ferromagnetic 3d TMs, and therefore the contribution of (Z) to the total 
magnetic moment (M) = 2(S) + (D) is expected to be particularly significant. In Fig. 4, 
results [47] are given for the average orbital moment per atom (Ls) = KS Ls(i)]/ N of 
Niy with N< 165, having FCC or icosahedral-like geometries. Low-symmetry struc- 
tures and two-dimensional (2D) islands are also considered. These are representative of 
different local symmetries and shapes and allow to quantify the role of cluster structure 
on orbital magnetism. On the one hand, we observe that the reduction of system size 
causes a remarkable enhancement of (Ls) with respect to the solid. Values about 6-8 
times larger than L, = 0.0515 are not uncommon. On the other hand, comparison with 
the atomic result La = Zus shows that the largest part of the quenching of L takes place 
already at the smallest clusters, as soon as full rotational symmetry is lost. For example, 
for Ni; (triangle) we obtain (L,) = 0.47ug, and for Nig (rhombus) (L.) = 0.3547. 
Concerning the size dependence, one observes that (Ls) decreases with increasing N 
showing some oscillations as bulk-like quenching is approached (see Fig. 4). Notice 
that an important enhancement of (L;), about 100%, is still present even for the largest 
considered sizes (e.g., (L5)/L, = 1.8 for N = 165). In smaller clusters, (L5)/L, ranges 
from (L5)/Lyp~3 for N = 50-80, to (L5)/Ly~5 for N = 10-20. Already at this stage, 
one concludes that orbital magnetism is the source of an important contribution to the 
size-dependent magnetic properties of Ni clusters. 

In Fig. 4, results are also given for icosahedral clusters having N<55 atoms. (Lg) 
decreases with increasing N in a similar way as for the FCC geometries. Nevertheless, 
the fivefold symmetric structures yield in general significantly larger (L5) than the 
cubic symmetric ones. The results for N>13 concern mainly highly symmetric 
structures with nearly spherical shape and closed NN shells. Clusters with lower 
symmetry usually present a very rich size dependence, particularly when the 
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Figure 4: Average orbital magnetic moment per atom (L5) of Niy clusters with FCC-like (dots) and 
icosahedral-like structures (crosses) [3]. The magnetization direction ô is a principal C, symmetry axis (ô = z) 
or an NN bond perpendicular to z (6 = x). Full (open) triangles refer to coin-like bilayer clusters with 
perpendicular (in-plane) magnetization. Results for small clusters are given in the inset. 


proportion of surface atoms is large. This is illustrated by the results for N< 13 given 
in the inset, which correspond to optimized geometries derived from ab initio 
calculations [48—50]. 

Structural changes may also affect the convergence to bulk-like quenching for large 
N, particularly for clusters on surfaces, whose shape can be experimentally tuned 
at least to some extent by changing the landing or growth conditions [20—23, 42]. This 
is illustrated by the results for two-layer-thick coin-like Niy, which are indicated by 
the triangles in Fig. 4 (N = 144 and 158). For these 2D islands, (L5) is much larger 
than for 3D FCC clusters of comparable size. The enhancement with respect to Lp is 
here about a factor 3. Similar trends are found for other TMs, in qualitative agreement 
with recent experiments on Fe and Co particles [1, 20-24]. Structure and shape can 
have a strong influence on the quantitative value of the orbital moments in TM 
nanoparticles, even though the main trends are not affected significantly by the precise 
geometry. 

From the solid state perspective, the enhancement of (Ls) can be qualitatively un- 
derstood as the result of the following major contributions that are related to the 
changes in the local environment of the atoms: 


(i) The reduction of local coordination number with decreasing N causes an in- 
crease of the local spin polarizations (S;;) which induces larger orbital moments 
by means of the spin-orbit interactions. 

(ii) The orbital dependence of the intra-atomic Coulomb interactions favors the 
occupation of high m states thereby amplifying the enhancement of (Lə). 
Although this contribution is quantitatively important, typically 30-40% of the 


Theory of magnetic clusters and nanostructures 549 


value of (L;), it does affect significantly the trends as a function of size and 
structure. 

(iii) The presence of degeneracies in the single-particle spectrum allows a more 
effective spin-orbit mixing that enhances (aal even in situations where (Sj5) is 
saturated. 


Qualitatively, the size-dependent magnetic moments are determined by the com- 
petition between the kinetic energy, which favors electron delocalization and small 
moments, and the Coulomb interactions, which tend to suppress charge fluctuations 
and lead to Hund rules. Thus, low-spin and quenched-L states become comparatively 
less stable than high-spin and enhanced-Z states as N is reduced. Notice, moreover, 
that the changes in (Sj5) and (Lis) involve different energy scales. Therefore, the 
occupations of the different m orbitals may vary without altering the spin polariza- 
tions (e.g., compare icosahedral and FCC clusters in Fig. 4). Finally, one also observes 
less predictable effects related to the details of the electronic structure and its 
dependence on cluster geometry, like the presence of high-symmetry axes or changes in 
bond-length. 

The environment dependence of the local orbital moments L;(i) provides further 
insight on the enhancement of (Ls) in small clusters, and on the development of bulk- 
like quenching for large N. One observes that (L;;) generally increases with i, showing 
some oscillations as we move from the center to the surface of the cluster. Therefore, 
the enhancement of (Ls) is driven by the surface, as it is the case for the spin moments 
[3]. A similar behavior is found for icosahedral geometries. For small N (e.g., N = 19 
and 55), the enhancement of (Lj;) concerns practically all atoms, including those with 
a complete NN shell. For larger sizes (N> 135), bulk-like quenching starts to set in at 
the interior of the cluster, leaving significantly enhanced orbital moments only at a few 
outermost shells. As expected, one approaches the behavior found for TM surfaces, 
where the enhanced (L5) are restricted to a few uppermost layers. A droplet model, 
i.e., ((Ls) — Ly) oc N", is in fact a good first approximation for N> 150—200, al- 
though the convergence to L, remains rather slow. The fact that (L;;) ~ Lp for inner 
atoms indicates that cubic point-group symmetry, absent in all atoms except the cen- 
tral one, is not essential for reaching nearly bulk-like quenching. Instead, the recovery 
of a bulk-like local atomic environment seems a more appropriate interpretation. 

The contribution of the orbital moments — that in Ni align parallel to the spin 
moments — increases the value of the total magnetic moment äy = (L) + 2(S) predicted 
by theory, thereby improving the agreement with experiment. In fact, despite some 
quantitative differences among the results obtained by different groups, available spin- 
only calculations yield ground-state spin magnetizations that underestimate system- 
atically the experimental ñy by about 0.3-0.6u for N< 13 [48-50]. The largest part of 
this discrepancy is removed by including the enhanced orbital contributions, thereby 
resolving the previous controversy on this subject. The remaining differences, about 
(0.1-0.2)41g, are not far from the estimated experimental uncertainties. This could also 
be related to correlation effects, which should favor electron localization leading to 
more atomic-like orbital moments and possibly to a further enhancement of (La, 

The trends for other TMs can be inferred from Fig. 5, where (La of a pentagonal 
bipyramid is given as a function of d-band filling ng. (Ls) increases approximately 
linearly with increasing number of d holes, as we move from Ni (na ~ 9) to Fe (na ~ 7). 
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Figure 5: Average orbital moment per atom (Z,) in a seven-atom TM cluster as a function of d-band filling 
na. The structure and magnetization directions 6 are illustrated. 


Notice that the orbital moment per d hole (L;)/(10—7,) = (0.25—0.3)1g is quite close to 
recent experimental results on Fey clusters (N x9) deposited on Ni/Cu(00 1) [22]. In 
addition, one observes oscillations and changes of sign of the anisotropy AL = L, — Ly, 
which are associated to changes in the occupations of molecular states k with different 
orbital moments (^. This is consistent with previously observed oscillations of the 
MAE as a function of n; [27]. One concludes that the size-dependent enhancement of 
(La) is important for all magnetic TM clusters. 


4. BINARY ALLOY CLUSTERS 


Binary metallic clusters formed with a magnetic 3d TM and a 4d or 5d element, which 
are non-magnetic in bulk but have a strong magnetic susceptibility like Pd, Pt, or Rh, 
provide an effective way to combine the large magnetic moments of the 3d elements with 
an enhancement of the MAE due to the large spin-orbit coupling at the 4d or 5d 
orbitals. The purpose of this section 1s to discuss theoretical results on the spin moments, 
orbital moments, and MAE of CoRh clusters which are representative of this kind of 
binary clusters. Special attention will be given to the role of structure, size, and com- 
position on the magnetic properties, and to the comparison with available experiments. 
Recently, Co-Rh nanoparticles (1-2 nm) have been synthesized by decomposition of 
organometallic precursors in mild conditions of pressure and temperature in the pres- 
ence of a polymer [51]. The measurements show that the average magnetic moment per 
Co atom is about 2.38uz for a Co concentration xco ~ 0.5. This value is much larger 
than the average magnetic moment in CoRh bulk alloys of similar concentration. 


4.1. Structure and spin moments of CoyRhy clusters 
The interplay between structural, chemical, and magnetic properties of small free 
CoyRhy (N+ Mx 13) has been studied by Dennler et al. [52, 53]. Calculations of the 
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cohesive energy, structure, and spin moments have been performed by solving the 
spin-polarized self-consistent Kohn-Sham equations in the framework of a plane- 
wave basis treating core-electron effects within the projector-augmented wave ap- 
proximation [54, 55]. All cluster structures were optimized by relaxing fully the atomic 
positions without symmetry constraints until the forces F; on each atom i are van- 
ishing (typically |F;| € 0.01—0.02 eV/A). This was done for each relevant value of the z 
component of the total spin moment S,. In this way, the interplay between magnetism 
and ground-state structure was quantified. Several initial geometrical configurations 
corresponding to different cluster topologies were considered in order to detect nearby 
isomers. 

Representative results [52, 53] for Co4Rhy with N+ M = 7 atoms are presented in 
Fig. 6. One observes a monotonous decrease of the cohesive energy as we go from the 
pure Rh; to pure Co;, in agreement with the lower cohesive energy of bulk Co com- 
pared with bulk Rh. The most stable structures are in general 3D (N 24) with planar 
isomers found at nearby energies. All studied CoRh clusters are magnetic with average 
spin moment per atom H and local spin moments u(i) that are often a factor 2 larger 
than those of macroscopic crystals or alloys with similar concentrations. Moreover, 
one observes that ñy and u(i) tend to increase with increasing fraction of Co atoms. In 
some cases, the replacement of just one Rh atom by Co can lead to a remarkable 
global spin polarization and enhancement of the total cluster moment, which goes well 
beyond the individual contribution of the replaced atom. 

From a local standpoint, one observes that the magnetic moments of Co atoms are 
not significantly affected by the Rh concentration even if the latter is increased beyond 
50%. The presence of Rh does not reduce the Co moments, which contrasts with the 
important reduction of Co moments observed in some macroscopic CoRh alloys. This 
is probably a consequence of the extremely reduced coordination number in these 
small clusters. From the point of view of Rh, the presence of Co atoms in the cluster 
results in a remarkable increase of the local moments and in a larger stability of 
magnetism. From these results, one concludes that small CoRh clusters are magnetic 
with average magnetic moments per atom that are significantly larger than those of 
bulk alloys of similar concentrations. For a given cluster size, ñy increases with in- 
creasing xco. The most stable isomers are usually not the most magnetic ones. 
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Figure 6: Cohesive energy and average magnetic moment per atom of CoyRhy clusters having M +N = 7 
atoms as a function of Co concentration [52, 53]. 
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4.2. Orbital moments and magnetic anisotropy energy 
Recently, Mufioz-Navia et al. calculated the spin moments, orbital moments, and 
MAE of large CoyRhy clusters [56]. In Table 2, results are given for the magnetic 
moments and MAE of CoyRhy. An FCC-like spherical cluster with N+ M = 43 
atoms is considered as a representative example, which is formed by a central atom 
and its successive shells of NNs. This corresponds to a Coj9(Rhj9) core covered with 
an Rh>,(Co>,) shell. The relevant directions of the magnetization are 6 = z which is a 
principal C4 symmetry axis of the cluster, ó 2 x which points along an NN bond 
perpendicular to z, and ó — xy which connects the central atom with one of the 
vertices in the xy plane. For each considered cluster, the lowest energy direction or 
easy axis is indicated. For the sake of comparison, results are also shown for Coj9 and 
Cous, As expected, the total magnetic moment per atom (M)7/(N+ M) decreases with 
decreasing Co concentration, xc; = N/(N * M) (i.e., increasing Rh concentration). 
For example, (M)7/(N+ M) = 1.98ug in Cos (xc, = 1.0), (M) p/(N - M) = 1.40uz in 
Rh, gCor4 (Xco = 0.56 with an Rhio core), and (M) p] N+M) = 0.8015 in CojoRh>4 
(Xco = 0.44 with a Cojo core). Notice the particularly small value of (M) 7 in the case 
ofa Co core, in contrast to the clusters with Rh core which still preserve a significant 
magnetization. This is mainly due to two effects: the larger NN bond-length in the Rh 
core, which enhances the magnetic moments particularly at Rh atoms, and the orbital 
contribution (Z)co/N = 0.47ug of the Co surface atoms. The importance of the in- 
duced magnetic moments at the Rh atoms is more clearly seen by considering, as in 
Ref. [51], the average total magnetic moment per Co atom, which is given by (M)7/N. 
In the previous 43-atom examples, one has (M) 7/N = 1.98ug for xc; = 1.00 and 
(M) 7/ N = 2.51ug for xco = 0.56, which indicates that the Rh contribution is signifi- 
cant (Miel M =0.68uz in Rh,9Co>,). The fact that (M) r/N increases with decreasing 
Xco shows that, upon alloying with Rh, the Co atoms preserve the largest part of the 
magnetic moments they have in the pure Co case and that the induced moments at the 
Rh atoms are significant enough to override an eventual reduction of the Co con- 
tributions. A similar behavior has been found in spin-density-functional calculations 
on small clusters [53]. 

Recent experimental results on the NN bond-lengths and magnetic moments in 
Co-Rh clusters [51, 57] and the comparison with available theoretical calculations 


Table 2: Average magnetic moments (in jg) and lowest-energy magnetization direction 6 (easy axis) of 
Co-Rh clusters. 




















Cluster (M)r (M)r (Dr (Z)rn A 
N+M N N+M EE 
Cor 2.02 2.02 0.33 xy 
Con 1.98 1.98 0.29 x 
CoRhz 0.80 1.44 0.06 0.07 2 
RhioCo34 1.40 2.51 0.30 0.14 x 
RhioCoqo 1.65 2.17 0.26 0.09 z 
RhisCogs 1.76 225 0.35 0.08 x 
RhioCogg L71 2.20 0.30 0.10 xy 
DIE 1.18 2.08 0.19 0.07 z 





For given N and M, CoyRhy refers to an FCC-like cluster with a Coy core covered by M Rh atoms, while in RhyCoy the 
core is Rh and the outer shells are Co. 6 = z is a principal C4 symmetry axis of the cluster, 6 = x is perpendicular to z and 
along a nearest neighbor bond, and 6 = xy points from the central atom to one of the vertices in the xy plane. 
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suggest that these binary clusters are likely to have an Rh core with Co rich outer 
layers. In fact, the measurements of NN bond-lengths yield values that are very similar 
to that of bulk Rh [57]. Moreover, the measured magnetic moments per Co atom in 
the size range N+ M = 200-400 is (M)? /N ~ 2.3ug for xco c 0.5 [51]. These are 
much larger than the theoretical values obtained for a Co-rich core but consistent with 
the calculations for an Rh-rich core, eventually with some degree of mixing at the 
interface. Furthermore, there is direct experimental evidence for the existence of 
an induced moment at the Rh atoms as observed in XMCD measurements [58]. This 
is in qualitative agreement with the orbital-to-spin ratios obtained in our calcula- 
tions which amount to (Z)rn/2(S)rn = 0.07-0.14 for N+ M = 43. Results on larger 
clusters in the experimentally relevant size range (N + M ~ 300 atoms) confirm these 
conclusions [56]. 

The effects of structure and shape have been investigated by considering spherical- 
like and octahedral FCC clusters having N+ M = 79, 85, and 87 atoms (see Table 2). 
In these cases, the dependence of the magnetic moments on Co concentration 
is qualitatively similar to what has been already discussed for smaller sizes. Com- 
paring the spherical-like clusters, one observes somewhat larger (S)r and (L)7 for 
N+ M = 87 than for N+ M = 79. This is mainly due to the larger orbital-moment 
contribution of the low-coordinated Co surface atoms which constitute the outermost 
shell for N+ M = 87. The same kind of local enhancement of (L;s) is also found at the 
corners of the octahedral structure. Interesting symmetry effects are observed by 
comparing the MAE of spherical and octahedral clusters. In particular in the latter 
case, full vectorial calculations as a function of both polar and azimuthal magnet- 
ization angles reveal a rich magneto-anisotropic energy surface with an easy axis 
ó — xy along the diagonal of the xy square [56]. 

The environment dependence of the local moments provides further insight on the 
magnetic behavior and on the proximity effects resulting from alloying and interface 
mixing [56]. Figure 7 shows results for (Lj), 2(Sz) and (M;.) = 2(S;-) + (L;-) in an 
FCC spherical-like cluster which is formed by an Rh; core surrounded by surface Co 
shells including some degree of mixing at the Co-Rh interface. One observes that both 
(L;.) and 2(S;-) generally increase with j, showing some oscillations as we move from 
the center to the surface of the cluster. Notice that the magnetic moments at the Rh 
atoms at the center of the cluster are antiparallel to the majority spins. This tendency 
to an antiferromagnetic-like order is characteristic of systems showing weak magnet- 
ism. A similar behavior is observed in pure Rhy, clusters across the size-dependent 
transition from a ferromagnetic to a paramagnetic state which occurs for M ~ 50 [34]. 
On the other side, particularly large positive values of (L;-) and 2(S;.) are found at the 
interface of Rh atoms (e.g., j = 8 andj = 11). Asa result, the average Rh contribution 
to (M)r is positive. For these sizes, it amounts to about 20% of the total cluster 
moment and is thus responsible for the experimentally observed enhancement of the 
average moment per Co atom ((M)gy/M c 0.25ug for N+ M = 321). These calcula- 
tions show the dominant role of the Co-Rh interfaces and of the resulting proximity 
effects. 

Alloy clusters open interesting possibilities of tailoring the magnetic behavior as 
a function of size and relative concentrations. As already discussed, the magnetic 
moment per Co atom increases for given size when Co atoms are replaced by Rh. 
However, except for the very small sizes (M x 50) where Rhy is magnetic on its own, 
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Figure 7: Local magnetic moments in FCC-like Co139Rhjg2: orbital contribution (L;-), spin contribution 
2(S;-), and total moment (M;;) = 2(Sj-) + (Lj). The cluster is formed by an Rh core surrounded by surface 
Co shells including some degree of mixing at the Co-Rh interface. The chemical composition, which is 
assumed to be the same within the shell, is indicated for each j. The results refer to the average at each NN 
shell j ordered by increasing distance to the central atom j = 1. The magnetization direction is along the easy 
axis ô = z. The lines are a guide to the eye. 


one observes that (M) 7/N in CoyRhy starts to decrease if xco = N/(N+ M) is reduced 
beyond a certain threshold. In this Rh-rich limit, the Co content in the cluster is not 
large enough to stabilize a significant net magnetization of the Rh atoms and ferro- 
magnetic order breaks down. Let us recall that pure Rh, is not magnetic in the 
experimentally relevant size range of about 300 atoms. In this case, (M) 7/N shows a 
maximum as a function of xc. Actually, a similar situation is known to occur in bulk 
Co-Rh alloys. However, recent calculations on alloy clusters [56] reveal an interesting 
new size-dependent effect which shifts the maximum in magnetic moment from 
Xco © 0.5 in the bulk to xco — 0.75 at least for N+ M< 500. All the magnetic prop- 
erties are affected by this non-monotonous behavior. In particular, the MAE follows 
in general a similar trend and it can thus be optimized as a function of composition, 
which has an obvious importance for potential technological applications. 

In conclusion, CoRh clusters show a variety of interesting properties as a function of 
size, structure, and composition, which deserve further systematic experimental and 
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theoretical studies. Remarkable surface and interface effects are also expected for 
other 34-4d finite-size alloys. In this context, CoPd clusters appear to be very prom- 
ising, particularly concerning magnetic anisotropy, since the Co-Pd interfaces have 
already revealed remarkable effect in the context of bulk alloys, thin films, and de- 
posited clusters. 


5. FERROMAGNETIC CLUSTERS ON HIGHLY POLARIZABLE 
SUBSTRATES 


Significant progress is being achieved on the production and characterization of clus- 
ters embedded in matrices or deposited on surfaces, films made out of clusters, and 
auto-organized nanostructures by following different experimental routes [20—24, 42, 
59—70]. On the one side, submonolayer structures are produced by methods originally 
developed in the context of surface physics, for example, atomic manipulation using 
scanning tunnel microscopy, diffusion controlled aggregation, or molecular beam 
epitaxy [63-65, 71]. On the other side, cluster assembled magnetic materials are created 
by applying methods like low-energy cluster-beam deposition on surfaces, which 
originally derive from research on size-selected cluster beams [21, 22, 59, 61, 68, 72]. 
These experimental studies, particularly from the latter point of view, emphasize the 
importance of extending our present theoretical understanding on free clusters to 
situations where the clusters are in contact with a macroscopic environment. A sys- 
tematic comparison between the properties of free and deposited particles appears 
therefore as a fundamental step toward the characterization of the specific properties 
of these nanostructured materials. 

Several theoretical studies have already been concerned with the spin moments, 
orbital moments, and MAE of Fe and Co clusters on noble metal substrates like Cu, 
Ag, and Au surfaces [4—6, 73]. A variety of interesting magnetic behaviors have been 
revealed as a result of the competition between the reduction of local coordination 
numbers and the interactions with the substrate. The purpose of this section 1s to 
discuss the magnetic and electronic properties of ferromagnetic clusters on highly 
polarizable TM substrates. Coy clusters on Pd(11 1) are expected to be particularly 
interesting due to the strong magnetic susceptibility of Pd and since the Co-Pd in- 
terfaces are known to show a remarkably rich magneto-anisotropic behavior [74, 75]. 
It is therefore very appealing, from both fundamental and technological standpoints, 
to investigate the possibility of tailoring the magnetic anisotropy of Co nanostructures 
on Pd in order to stabilize perpendicular magnetizations, which could be useful in 
high-density recording and memory devices [76, 77]. 


5.1. Spin and orbital moments of Coy clusters on Pd(1 1 1) 

Table 3 summarizes results for the average magnetic moments per Co atom derived 
from self-consistent tight-binding calculations on Coy clusters deposited on the 
Pd(11 1) surface. First of all, one observes that the total magnetic moments per Co 
atom Ms, of the deposited clusters are remarkably large for all the considered struc- 
tures (N< 13). The most important Ms, are found for the ID monoatomic chains 
(structure (e)). In this case, M;, appears to depend very weakly on N in the considered 
size range: M, = 2.65, 2.62, and 2.6luz for N = 3, 7, and 13, respectively. Moreover, 
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Table 3: Magnetic properties of Coy clusters on Pd(1 1 1). 


N Structure 2(S;) (L4) (Ly) (La) Ms dn 








0 

3 (a) 247 0.44 0.44 0.40 2.61 y 
1.69] 0.42 [0.40] 0.36] 2.11 [x] 

(e) 2.15 0.50 0.50 0.40 2.65 X 

1.69] 1.36 1.00] 3.05 [x] 

4 (b) 2.12 0.40 0.38 0.37 2.49 z 
1.69] 0.54 [0.60] 0.40] 2.23 bl 

(e) 247 0.49 0.38 0.50 2.67 x 

1.69] 0.85 0.69] 2.54 [x] 

7 (c) 2.10 0.35 0.30 2.40 z 
1.69] 0.64 0.29] 2.33 [x 

(e) 2.16 0.46 0.45 0.38 2.62 x 

1.69] 0.83 0.63] 2.52 [x] 

13 (d) 2.09 0.34 0.31 2.40 z 
1.69] 0.48 0.35] 2.17 [x] 

(e) 2.15 0.46 0.37 2.61 x 

1.68] 0.86 0.56] 2.54 [x] 

(D 2.07 0.35 0.33 0.30 2.37 z 

1.69] 0.59 0.38] 2.28 [x 


























The averages per Co atom of the spin moment 2(S;), orbital moments (Ls) for ô = x, y, and z, and total magnetic moment 
Ma, = 2(Sa,) + (Lög) for the easy axis ĉo are given in Bohr magnetons. The structures and magnetization directions are 
illustrated in Fig. 8. The results given in the first line refer to deposited clusters including the contributions of the Pd atoms 
at the Co-Pd interface and the results in square brackets to free Coy having the same structure as the deposited clusters. 


the results for the 13-atom chain are actually not far from the infinite-length limit, for 
which M, = 2.56uz is obtained. 2D-like clusters show somewhat smaller magnetic 
moments than the monoatomic chains. Here, M;, decreases moderately with increas- 
ing N as one approaches the 2D Co monolayer on Pd(111): M, = 2.611 for the 
triangle, M;— 2.49uz for the rhombus, M,=2.40u, for the hexagon, and 
M, = 2.32ug for the infinite monolayer. Comparison with the results for free clus- 
ters shows that cluster-substrate interactions yield a significant enhancement of the 
magnetic moments per Co atom. 

The average spin and orbital moments reported in Table 3 show that the magnet- 
ization Ms = (2(S5)) + (L5))/N of Coy on Pd(11 1) is mainly the result of three phys- 
ically distinct effects. The first and leading contribution comes, as expected, from the 
spin moments at the Co atoms i= 1-N for which we obtain nearly saturated values 
2(Sj co) = (1.66—1.69)ug. These depend very weakly on size and structure, and are 
only slightly smaller than in the corresponding free clusters. The Co spin moments 
constitute about 63% of the total magnetization per Co atom in the monoatomic 
chains, and about 64-70% in the 2D islands (N< 13). 

The second important contribution to M; are the spin moments induced at the Pd 
atoms of the Co-Pd interface that amount to (0.43-0.51)uz, depending on the cluster 
size and structure. This corresponds to approximately 22% of the spin polarization 
per Co atom, and 19% of the total moment (see Table 3). The induced spin moments 
are responsible for the most part of the above-discussed enhancement of M; in de- 
posited clusters as compared with the free-standing case. A more detailed analysis of 
the local magnetic moments at the Co-Pd interface, given in Section 5.3, allows to 
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Figure 8: Illustration of the structures and magnetization directions considered in the calculations on Coy 
clusters deposited on Pd(1 1 1). The z direction is perpendicular to the xy surface plane. Open (filled) circles 
refer to Pd (Co) atoms. The numbers label the different atomic sites i. 


derive simple rules that relate the changes in the induced moments as a function of 
cluster size and geometry with the local environments of the Pd atoms. 

The orbital magnetic moments (Ls) are the third main piece of the calculated mag- 
netization. (Ls) is essentially parallel to the spin moment, as corresponds to elements 
having a d-shell which 1s more than half filled. Thus, they add to (S;) representing 
about 15-19% of Ma, One observes that (Ls) is in general quite sensitive to the size and 
geometry of the cluster and to the direction ó of the magnetization. For example, 1D 
clusters usually develop larger orbital moments than 2D clusters of the same size, which 
in both cases tend to decrease with increasing N. Notice, moreover, that the anisotropy 
of (Ls) is far more important than the one of the spin moments. This anticipates a 
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strong environment dependence of the MAE due to the spin-orbit interactions. As in 
the case of the spin polarization, the largest part of the orbital moments comes from the 
Co atoms (values in curved brackets). Still, the Pd contributions, (10-25)% of (Ls) 
depending on the particular cluster and 6, are not negligible (see Table 3). It is also 
interesting to remark that the average orbital moments at the Co atoms are significantly 
enhanced as compared with the corresponding bulk moment (Ls) (Co-bulk) 20.1315. 
A similar effect has already been observed for Co films on Pd(11 1) [75], as well as in 
free and deposited TM clusters [4-6, 47]. Quantitatively, the calculated Co orbital 
moments along the easy axis dp are (L5) = (0.3-0.5)uz, which corresponds to about 
(0.15-0.2)uz per d hole, a value which is somewhat smaller, though not far from the one 
Observed in experiments on small Fe clusters deposited on Ni [22]. Comparison with the 
results for free clusters (given in square brackets) shows that the hybridizations with the 
substrate often lead to a reduction of the Co orbital moments. In the case of mono- 
atomic chains, the effect is particularly strong and has been interpreted as a conse- 
quence of the loss of 1D character [78]. In fact, a similar strong reduction of (Ls) is also 
observed when one compares monoatomic and biatomic chains. For example, for 
N = 13, the Co moment changes from (Ly) = 0.424, in the deposited monoatomic 
chain (structure (e)) to (L,) = 0.29ug in the biatomic chain (structure (f)) which is 
already not far from our result for the 2D monolayer, namely, (L,) = 0.23uz. Similar 
trends have been observed in experiments on Co chains of various widths grown at the 
steps of the Pt(99 7) surface [42]. 


5.2. Magnetic anisotropy energy and spin reorientations 

The interactions between magnetic adatoms and metallic substrates often lead to 
redistributions of the spin-polarized density and to changes in the electronic structure 
which affect sensitively the spin-orbit energies. In order to quantify these effects, it is 
interesting to compare the off-plane MAEs AE,- = E,—E; and AE,. = E,—E., and the 
in-plane MAE AE,, = E,—E, of Coy clusters deposited on Pd(1 1 1) with the corre- 
sponding results for free Austers having the same structure as the deposited ones. The 
monoatomic free-standing chains show an in-line easy axis with remarkably large 
MAES per Co atom [AF,, <0 with |AE,,| = (6.2 — 20) meV]. In the case of deposited 
chains, the interaction with the substrate does not modify the easy axis but reduces by 
an order of magnitude the absolute value of the MAEs [79]. This is consistent with the 
reduction of the orbital moments discussed in the previous section. 

The 2D clusters and biatomic chains yield AE,. «O0 in the free-standing geometry, 
which implies that the easy axis is in-plane. The absolute values of the MAEs are much 
larger than the typical results found in thin films and at surfaces, which are of the 
order of (0.1—1.0) meV. These anisotropy energies are somewhat smaller than in the 
1D chains, though mostly of the same order of magnitude [| A£,. = (0.88-12) meV]. As 
in the 1D case, the largest part of the enhanced MAEs is lost after deposition on Pd 
(AE, = (0.05-0.70) meV). Nevertheless, in the 2D clusters, the effects of the inter- 
action with the substrate are qualitatively different since most 2D Coy/Pd(1 1 1) 
present a stable off-plane magnetization direction [80]. This remarkable magnetization 
reorientation is the result of two main contributions: the changes in the electronic 
structure of the Co clusters due to cluster-substrate hybridizations, and the anisotropy 
of the spin-orbit energy at the Pd atoms of the Co-Pd interface, which carry small 
induced magnetic moments. Moreover, this effect appears to be a characteristic of the 
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2D hike clusters, since the biatomic chain shows a perpendicular easy axis while the 
monoatomic chain remains in-line. A detailed analysis of the various local MAEs 
AE,-(i), presented in Section 5.3, indicates that the interface between Co and Pd plays 
a dominant role in the magneto-anisotropic behavior of the deposited clusters, as 
already observed in thin Co films on Pd(11 1) [75]. Cluster-substrate hybridizations 
are therefore crucial for the magneto-anisotropic behavior of magnetic islands 
deposited on metallic substrates. 

Concerning the size dependence of the MAE of 2D clusters, we would like to point 
out that the calculated easy axis of the 2D Co monolayer on Pd(111) is within the 
surface plane, as observed in experiment [74]. This is in part due to the dipole-dipole 
energy that is non-negligible in the case of extended films and that always favor an in- 
plane magnetization. Moreover, the in-plane direction is further stabilized by the 
magneto-crystalline anisotropy energy AE, resulting from SO interactions, which is 
negative for the 2D monolayer, though rather small. Consequently, a transition from 
off-plane to in-plane easy axis should be expected to occur in single-layer Coy as a 
function of the island size. Moreover, it could be possible that at intermediate sizes the 
clusters show tilted magnetization with canted easy axes, as already observed in 2D 
Co-Pd nanostructures [75]. 


5.3. Local environment dependence 

The local formulation given in Section 2 can be exploited to express most relevant 
magnetic properties as a sum of contributions corresponding to the different atoms i 
of the cluster and its surroundings. In this way, the observed magnetic behavior of the 
deposited clusters can be related to the specific local atomic environments. As an 
example, we consider the hexagonal Co; cluster on Pd(1 1 1). 

Table 4 reports the corresponding local spin moments 2(S;,), local orbital moments 
(Lis) for ô = x, y, and z, and total local moments Uu, = 2(Sisg) + (Li) along the easy 
axis do = z. The labeling of atomic sites is shown in Fig. 8c. 

The local spin moments (S;,) at the Co atoms are nearly saturated, and therefore 
they are quite independent of i and of the particular size or structure of the Co, cluster. 
In contrast, the (S;.) induced at the Pd atoms show a very interesting environment 


Table 4: Local magnetic properties of an hexagonal Co; cluster deposited on Pd(1 1 1). 








i 2(Siz) (Lix) (Liz) Hiz AE,.(i) 
1 1.67 0.19 0.17 1.84 0.74 
2-3 1.67 0.31 0.26 1.93 —0.70 
4-5 1.67 0.27 0.26 1.93 —0.20 
6-7 1.67 0.34 0.26 1.93 —0.80 
8 0.33 0.04 0.03 0.36 —0.24 
9-10 0.33 0.04 0.03 0.36 —0.19 
11 0.27 0.02 0.04 0.31 1.00 
12-13 0.27 0.04 0.04 0.31 1.28 
14-15 0.19 0.03 0.03 0.22 0.48 
16-17 0.19 0.03 0.03 0.22 —0.03 
18-19 0.19 0.03 0.03 0.22 0.39 
Average 2.10 0.35 0.30 2.40 0.28 





The spin moments 2(S;,), orbital moments (Lis) for 6 = x and z, and total magnetic moments Uu = 2(S;;) + (Liz) along the 
easy axis z are given in Bohr magnetons for the different atomic sites i as labeled in Fig. 8c. The corresponding local 
magneto-crystalline anisotropy energies AE,,(i) = E,(i) — E;(i) are given in meV (see Eqs. (13) and (14)). 
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dependence. In fact, (S;-)pa appears to be approximately determined by the number of 
Co atoms z; that are NNs of the Pd atom i. For z; — 3 (i= 8-10 in the hexagon) 
one obtains 2(S;,) = 0.33ug, for z;= 2 (i= 11-13) 2(S;,) = 0.27ug, and for z;= 1 
(i = 14-19) 2(S;,) = 0.19ug (see Table 4 and Fig. 8). Similarly, strong correlations 
between local magnetic moments and the immediate chemical environment of the 
atoms have been already observed in magnetic alloys and thin films which involve, like 
the present case, non-saturated magnetic moments (e.g., Fe-Al alloys or Fe-Co over- 
layers) [9, 10, 29]. It should be moreover noted that for these small clusters, the 
number of Pd atoms at the Co-Pd interface is roughly twice the number of Co atoms. 
Therefore, the induced Pd moments yield a sizeable contribution to the average mag- 
netic moment per Co atom (see Table 3). In this context, one should observe that 
relaxations of the cluster structure or atomic rearrangements at the cluster-substrate 
interface often modify the magnetic properties, particularly if the relevant local atomic 
environments change significantly. For instance, in the case of cluster burrowing [81], 
one expects that the total spin polarization of the Pd host should increase, since the 
number of Pd atoms in contact with the Co cluster increases. 

The local orbital moments (Z,;) at the Co atoms are typically a factor 2-3 larger 
than in bulk-Co and in addition show a very interesting environment dependence. One 
observes that the magnetization direction yielding the largest (Lis) is very often 
different for different atoms i. Moreover, the important difference in local coordi- 
nation number between the central atom i = 1 and the outer atoms i = 2-7 results in a 
different degree of quenching of (Lis), the higher coordinated central atom having a 
smaller orbital moment than the lower coordinated outer ones. For the Pd atoms at 
the Co-Pd interface, the orbital moments are far less important in absolute values 
((Lis) = (0.01-0.04)45), although they still represent about 10-15% of the total Pd 
moments. 

The local anisotropy energies AE,,(i) = E;(i) — E,(i) allow us to analyze the mi- 
croscopic origin of the perpendicular magnetization in 2D Coy on Pd(1 1 1) [80]. The 
results given in Table 4 show that it is mostly Pd, and not Co, which defines the 
positive sign of AE,- and thus the perpendicular orientation of the magnetization. For 
example in the hexagon, AE,.(i)<0 for i = 2-7 while only AE, (1) 0. The Pd atoms 
close to Coy cannot be regarded as a mere source of modifications in the electronic 
structure of Coy but rather as important magnetic components on their own. In fact, 
they carry non-vanishing-induced magnetic moments and, as 4d elements, are subject 
to significant spin-orbit couplings (pa > 256.) [26]. It is therefore reasonable that they 
contribute to AE,. and to the overall MAE of the system. Note that AE,.(i) of the Pd 
atoms is of the same order of magnitude as in the Co atoms, often even larger at 
Pd (see Table 4). In fact, if one would ignore the Pd contributions to the MAE, the 
easy axis would be in-plane. The same occurs if the induced magnetic moments or the 
SO interactions at the Pd atoms are neglected. The central role of the substrate Pd 
atoms on the MAE is thereby demonstrated. This also confirms the importance of 
treating the redistributions of the spin-polarized density and the spin-orbit interac- 
tions at the same electronic level. 

The present discussion should encourage the development of new experimental 
works as well as further theoretical improvements. For example, it would be worth- 
while to investigate more systematically the dependence of the magnetic properties on 
the geometry of the cluster and its immediate environment. This would be relevant in 
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particular for the comparison with experiment, since the morphology of the nano- 
particles can be tuned, at least to some extent, by changing the growth and deposition 
conditions or by subsequent annealing DI. 59-61, 63-65, 71, 81]. The well-known 
sensitivity of TM magnetism to the specific local atomic environments should lead to a 
wide variety of interesting behaviors. Moreover, recent experimental and theoretical 
studies have revealed remarkable spin-reorientation transitions and spin-canted 
phases at Co-Pd and Co-Pt film interfaces [74, 75, 82]. Therefore, it is reasonable 
to expect similar phenomena in the case of Co clusters on Pd or Pt surfaces, which 
deserve detailed investigations both from a fundamental standpoint and in view of 
applications. The magnetic reorientation transitions along the crossover from 1D to 
2D nanostructures have been investigated in Ref. [83]. 


6. FINITE-C TEMPERATURE MAGNETIC PROPERTIES 


From Stern-Gerlach deflection measurement on size-selected cluster beams, it is pos- 
sible to derive results on the average magnetization per atom fi, (T) of isolated clusters 
as a function of the nozzle temperature T. Remarkable temperature dependences of ñy 
have been reported, which depend significantly on the considered TM [44-46, 84, 85]. 
In Niy, the magnetization curves are qualitatively similar to the bulk, except of course 
for an important finite-size broadening of the transition around the cluster “Curie” 
temperature Tc [45, 46]. Experiments on Coy show that fiy(T) is about 0.1-0.5uz 
larger than the bulk magnetization M(T) for 50€ N«600 and 100 K < 7« 1000 K [45]. 
Moreover, at low temperatures, 100K x T« 500K, the magnetization per atom is 
found to increase slightly with T. This is an unexpected effect that is not observed in the 
solid. In Fe clusters, the temperature dependence is qualitatively different from that of 
Ni or Co clusters. For 250€ N «600 one observes a rapid, almost linear decrease of 
fiy(T) with increasing T (T< 500-600 K). For T> 300 K, äy(T) is smaller than the bulk 
M(T), even though at T = 0 it was larger (Tc(Fe-bulk) = 1043 K). As the cluster size 
increases (250 « N « 600) fiy(T) decreases further making the difference between cluster 
and bulk magnetizations even larger [45]. One expects that the trend should change for 
larger Fe clusters, although no experimental evidence seems to be available so far. 
From a theoretical standpoint, very little is still known about cluster magnetism at 
finite temperatures [86, 87]. This is remarkable since a correct description of the tem- 
perature dependence of the magnetic properties is crucial for understanding the physics 
of the underlying many-body problem as well as for controlling the behavior of mag- 
netic clusters in view of technological applications. The trends in the size dependence of 
finite temperature properties — for example, the cluster “Curie” temperature Te(N), 
which measures the stability of the magnetic order within the cluster — seem difficult to 
infer a priori. On the one side, taking into account the enhancement of the local mag- 
netic moments jj at T= 0 and of the d-level exchange splittings Ac; = ef, — ef, one 
could expect that T-(N) should be larger and that the FM order should be more stable 
in small clusters than in the bulk. However, on the other side, the local coordination 
numbers are smaller at the cluster surface and therefore it should be energetically easier 
to disorder the local magnetic moments in a cluster by flipping or canting them. If the 
latter effect dominates, T(N) would tend to decrease with decreasing N. Moreover, 
recent model calculations indicate that changes or fluctuations in the cluster structure 


562 G.M. PASTOR AND J. DORANTES-DÁVILA 


may also affect significantly the temperature dependence of the magnetization, in par- 
ticular for systems like Fey and Rhy which show a remarkable structural dependence of 
the magnetic properties already at T = 0 [88—90]. Reliable conclusions on cluster and 
nanostructure magnetism at finite T should be derived from an electronic theory that 
takes into account both the fluctuations of the magnetic moments and the itinerant 
character of the d-electron states [86, 87]. Simple spin models, for example based on the 
Heisenberg or Ising model, are not expected to be very predictive, unless they incor- 
porate the electronic effects responsible for the size dependence of the local magnetic 
moments and of their interactions. In fact, studies of itinerant magnetism at surfaces 
have already shown that the effective exchange interactions Jm between NN moments 
Uil depend strongly on the local environment of sites / and m [91]. 


6.1. Functional integral theory 

The finite-temperature magnetic properties of clusters have been investigated by ex- 
tending the functional-integral formalism developed by Hubbard and Hasegawa for 
periodic solids [92-94] to the case of finite systems with arbitrary symmetry [86]. The 
many-body interaction Hr is rewritten as 


H= DEE (16) 


where Ni = 3 iise 15 the number operator at atom / and $,- (1/2)» ët — Ay) is 
the z component of the local spin operator. For simplicity, we have neglected the 
orbital dependence of the Coulomb integrals so that the interaction parameters are 
given by U = U xp — J.p/2 and J = J,g. Note that Eq. (16) includes the self-interaction 
terms (U — Jy. me —(U-Jfi,/2 which are canceled out by redefining the 
d-energy levels as d — (U — J)/2. 

For the calculation of the canonical partition function Q, the quadratic terms in 
Eq. (16) are linearized by means of a two-field Hubbard-Stratonovich transformation 
within the static approximation. Thus, a charge field ne and an exchange field č; are 
introduced at each cluster site /, which describe the finite-temperature fluctuations of 
the d-electron energy levels and local exchange splittings, respectively. Since we are 
mainly interested in the magnetic properties and since J < U, it is reasonable to 
neglect the thermal fluctuations of the charge fields n,. Thus, for each exchange-field 
configuration & we set rj equal to the saddle point of the free energy F (8, ij) associated 
to the field configuration ¢ = (6,,...,éy) and m — (m,....ny). This is given by 
in; = v; = UNO which physically means that the charge distribution v; = (NOT is cal- 
culated self-consistently for each Ë. The partition function is then given by 











Ox ‘| di o® (17) 
where 


Q'(É) = exp{—BF(2)} (18) 


ae) = of BY (es E zë Jare am (19) 
H 
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depends only on the exchange variables £j that describe the relevant fluctuations of the 
spin degrees of freedom. Thus, F (&) represents the free energy associated to the ex- 
change-field configuration & Notice that the v; are implicit functions of € [86]. 

The static approximation is exact in the atomic limit (fF = = 0,V/¢Am) where no 
fluctuations are present, and in the non-interacting limit (U = J = 0). For non-trivial 
cases, H’ describes the dynamics of the d electrons as if they were independent particles 
moving in a random alloy with energy levels e given by 


J 
bg = 6 + Uv- Ei (20) 


The thermodynamic properties of the system are obtained as a statistical average 
over all possible distributions of the e1 ergy levels cj, throughout the cluster. For T— 0, 
the dominating field configuration (€, ij") corresponds to the saddle point in the free 
energy F LG. 5j). This is determined from the self-consistent equations 





OF _J LEE 

EE (21) 
and 

| = um ei) =0 (22) 

Nilo 


where (...)' indicates average with respect to the ground state of H'. Replacing 
Eqs. (21) and (22) in Eq. (20) yields the known mean-field approximation to the energy 
levels e, [38]. Consequently, the present approach is the natural finite-temperature 
extension of the self-consistent tight-binding theory presented in Section 2.1 for the 
ground state. 

The integrand exp{—fF (Cu of Eq. (17) is proportional to the probability P(é) for a 
given Z The thermodynamic properties are obtained by averaging over all possible é 
with exp{—/F (£)) as weighting factor. For example, the local spin magnetization at 
atom / is given by 


utn - 5] de Lg 3) bras; sa véi (23) 


u(T) = 5 I dé 2(5,) e Q4) 


where (S;.)' is the average spin moment corresponding to the effective single-particle 
Hamiltonian 7’, which depends on the fluctuating €. For clusters, the statistical 
average in Eq. (24) can be performed by Monte Carlo sampling. As in any finite- 
system calculation, the restriction 26/2 0 — or equivalently positive values of the total 
cluster moment — must be applied to avoid trivially vanishing results for the average 
magnetization due to time-inversion symmetry. This corresponds to the experimental 
situation where the cluster moment is aligned along an external magnetic field. The 
cluster magnetization per atom Ay = )>,u,(T)/N is then obtained as the average of 
the local magnetizations [86, 95]. For solids or extended nanostructures, the average is 
approximated by using the theory of random alloys and effective medium approaches 
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like the virtual crystal approximation (VCA) or the coherent potential approximation 
(CPA) [96]. 
The free-energy difference 


AFÈ = FÊ — FÆ) (25) 


with respect to the minimum or ground- state e value F es ) determines the probability 
that the exchange-field fluctuation Aé = = é= é is realized at a given T. AF (à) can be 
regarded as the spin fluctuation energy associated to é, since the fluctuations of é are 
responsible for the fluctuations of the spin moments (SH. Taking into account that 
OF/0&, = J(Éj—2(S1.))/2 and integrating Eq. (24) by parts one obtains 


BER 5J dé & e^ (26) 


Thus, the temperature-dependent local spin magnetization is equal to the average of 
the local exchange field. Eq. (26) justifies the intuitive association between the fluctuations 
of the local moment u, = 2(S}.)’ at atom / and those of the exchange field £;. A local free 
energy Eé) can be obtained by averaging over all possible values of £,, for m#</ [86]. 


6.2. Spin fluctuation energies in clusters 

In clusters and other non-periodic systems, it is very interesting to analyze the spin 
fluctuation energies AF (&) from a local point of view and to clarify the relation be- 
tween the local contributions to AF (&) and the temperature dependence of the spin 
moments 4t. A first insight on the magnetic behavior of 3d transition-metal clusters at 
T0 can be obtained by considering the low-temperature limit of AF (&) by setting 
aere E for mÆl (see Eq. (21)). The local free-energy difference 


AFG ereer (27) 


with E = u? being the local moment of atom / at T = 0, represents the energy involved 
in an exchange-field fluctuation at atom / above the Hartree-Fock ground state. AF;(£) 
determines the probability of the fluctuation Aé = £ — e and thus conditions the 
stability of the ground-state magnetic order within the cluster at finite T. Comparing 
the AE) for different sizes and for different atoms / within the cluster provides useful 
information on the stability of the local magnetizations and its environment depend- 
ence. In particular, this allows us to identify the atoms which trigger the decrease of the 
magnetization at low T. 

Recent studies in Fe and Ni clusters show that AFC) — 0 for all £z u? which im- 
plies, as expected, that in these clusters the FM order is stable at low temperatures. 
For very small Fe clusters (e.g., Fe, and Fe4), EE) shows two minima located at the 
exchange fields &* = u? and E ~ —4. This indicates that the dominant magnetic 
excitations are flips of the magnetic moments keeping their amplitude approximately 
constant. At finite T, the probability distribution P;(£) x exp( -pAF;(£)) has two 
maxima at &* and E. It is therefore more probable to find é ~ Em than é ~ 0. For 
somewhat larger clusters (e.g., Fes and Feo), F;(£) shows two minima for the lowest 
coordinated atoms, where the local magnetic moments ul are largest. In these cases, 
only moderate or small fluctuations Aé = & — u) are possible with an excitation energy 
AF,(£) smaller than the energy AF,(E”) = PZ ) — FETT) required to flip the local 
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moment. In contrast, for the most coordinated atoms which have smaller ul (e.g., the 
central atom in BCC-like Feo), one usually observes a single minimum in F;(£), which 
implies that the fluctuations of the amplitude of the local moments dominate. 

The fact that the atoms having the smallest local coordination numbers z, show such 
a Heisenberg- or Ising-like behavior is not surprising. On the one side, the kinetic- 
energy loss AEx caused by flipping a local magnetic moment (é ~ u} > £c — u? 
decreases with decreasing z; since the perturbation introduced by flipping č; is in 
general less important when / has a small number of neighbors, and since the con- 
tribution of atom / to Ex is approximately proportional to ,/z; (second moment 
approximation). On the other side, the exchange energy AEy = (J/4) 4? is basically 
a local property which is much less affected by the change of sign of é. Thus, when z;is 
reduced, the local character 1s enhanced and it becomes energetically more favorable 
to have č ~ — ul than é ~ 0. At this point one may anticipate that at finite T, when 
statistically some of the fields £,, at NNs of / have negative values, Fé) should tend to 
develop a second minimum close to E ~ —y?. Such a behavior has already been 
observed in bulk and thin-film calculations [92, 93, 96]. 

AF;(¢) depends strongly on the local environment of the different atoms within the 
cluster, as illustrated by the results for Fei: shown in Fig. 9. One observes that the FM 
order is particularly stable at the outermost shell / = 3. The larger spin-flip energy 
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Figure 9: Local spin-fluctuation energy AF/(¢) = Eë) — Fı(č¢;) as a function of the exchange field € at 
different atoms / of Fes with BCC-like structure (left) and of Nijg with FCC-like structure (right). Dots refer 
to the central atom (/ — 1), crosses to the first NN shell (/ 2 2), and open circles to the outermost shell 
(/ = 3). Results are given for (a) bulk NN distance d/d, = 1 and (b) relaxed NN distance. 
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AF 3(—€3) is favored by the larger local moment u found at these atoms, which in this 
case compensates the reduction of local coordination number zz at the cluster surface 
(for l= 3 there are four first NNs and one second NN). However, notice that this 
trend is not always followed. For example, the atoms at the second shell (crosses in 
Fig. 9) show a much smaller AF’ E despite having similar j£ and similar z; as the 
atoms in the outermost shell (for / — 2 there are four first NNs and three second NNs). 

The quantitative values of the spin fluctuation energies are strongly affected 
by changes in the interatomic distances. For example, bond-length contractions — a 
typical result of geometry optimization — shift the positions of the minima at e to 
smaller absolute values, in accordance with the reduction of the local magnetic mo- 
ments at T —O0. Moreover, one finds significant reductions of the free energy 
AF(—&) = FEN — FE) required to flip a local magnetic moment (cf. Fig. 9a 
and b). Similar reductions of the “Curie” temperature TN) are expected to occur 
upon bond-length contraction, since in first approximation Te(N) should be propor- 
tional to (AF (=é) i. Conversely, if the NN distances are expanded one first obtains 
an enhancement of the local moments u as well as an increase of the local spin- 
fluctuation energies. At the same time, a more pronounced double-minimum is found 
in AF;(£), particularly at the cluster surface, which is characteristic of the localized 
regime. In addition, at large distances, the atomic moments tend to decouple and the 
spin fluctuations energies decrease. 

In contrast to Fe clusters, the dominant spin excitations in Niy involve mainly 
amplitude fluctuations of the local exchange fields around the Hartree-Fock moments. 
This is characterized by a single-minimum in AF;(£) as shown in Fig. 9 for Nijo. The 
same type of behavior is also observed in the case of bulk Ni. This is probably due to 
the fact that the magnetic moments at T = 0 are much smaller in Ni than in Fe. Let us 
recall that AF;(£) also shows a single minimum in Fey when the local moments at 
T — 0 are small (e.g., at the central atom in Feis). Only in Ni» one observes that 
negative values of € ~ —) are, if not more probable, at least as probable as & = 0. The 
dimer behavior can be interpreted as an enhancement of the local character of the spin 
fluctuation in very small Ni clusters due to the strong reduction of the local coor- 
dination number and of the kinetic energy of the d electrons. 

As in the case of Fe, AF;(£) in Ni clusters depends strongly on the size N and on the 
atomic position /, which let us expect interesting changes in the temperature-dependent 
properties. Moreover, one observes that bond-length contractions (d< dp) usually re- 
sult in a reduction of AF/(é) even if Al remains essentially unchanged. Comparing 
surface and inner atoms, it is interesting to point out that the spin-fluctuation energies 
are in general smaller at the cluster surface, i.e., as the local coordination number is 
smaller (see Fig. 9). Thus, one expects that in Ni clusters the surface atoms should 
drive the decrease of the average magnetization per atom as T increases. 

The previous results illustrate the strong sensitivity of the finite temperature mag- 
netic properties of 3d TM clusters to the local environment of the atoms. AF/(£) is 
actually much more sensitive to size and structure than the magnetic moments at 
T — 0. The effect is most clear in small clusters where the local magnetic moments are 
nearly saturated, and therefore depend weakly on the site / or on precise cluster 
geometry. This suggests that temperature-induced structural changes could also play a 
role on the magnetic behavior at finite 7: In fact, as will be discussed in Section 7.3, 
exact diagonalization studies within the single-band Hubbard model have revealed the 
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importance of structural changes and structural fluctuations to the temperature 
dependence of the magnetic properties of clusters [88—90]. Comparing results for 
different /, one finds that the spin-flip energy AF (=é) does not scale simply with the 
local coordination number z;. Therefore, the effective exchange couplings between 
local magnetic moments cannot be transferred straightforwardly from one environ- 
ment to another. Electronic structure effects due to the itinerant character of the 
d electrons are therefore important, as already found at the surfaces of macroscopic 
TMs [91]. 


6.3. Short-range magnetic order in transition-metal clusters 

The single-site spin-fluctuations considered in the previous section ignore short-range 
magnetic correlations among the local magnetic moments. In the framework of the 
functional-integral formalism, short-range magnetic order (SRMO) manifests itself as 
correlations between the exchange fields at neighboring sites. For example, in the FM 
case, (EČ m > (E))(Em) for NN atoms i and j. One is interested in the size dependence of 
the temperature Tsg(N) above which thermal fluctuations destroy the short-range 
correlations between the local magnetic moments, for example, between NN u. A 
significant degree of SRMO is observed in the bulk and near the surfaces of Fe, Co, 
and Ni [91, 97, 98]. This holds even for T> Tec, i.e., after the average magnetization 
M(T) vanishes (Tsr(b) > Tc(b)). For small clusters having a radius R smaller than the 
range of SRMO, it is no longer possible to increase the entropy without destroying the 
energetically favorable local magnetic correlations. 

The degree of SRMO actually depends on the details of the electronic structure and 
on cluster size. Nevertheless, a simple phenomenological relation can be derived 
between the low- and high-temperature values of the magnetization per atom of an 
N-atom cluster, namely, iy(T = 0) and fiy(T>Tc) [99]. Let us characterize the 
degree of SRMO by the number of atoms v involved in an SRMO domain. The 
average magnetization per atom at T> Tc(N) is then approximately given by 


fiy(T » Tc) > Ee Q8) 


which represents the average 4/ (u?) of N/v randomly oriented SRMO domains, each 
carrying a magnetic moment vull, where u, = fy(T = 0). By varying v we may go 
from the disordered-local-moment regime, where v = 1 and SRMO is negligible, to the 
limit where v and N are comparable and SRMO dominates (Tc Tsp). A first 
estimate of the actual value of v is provided by bulk and surface results [91, 97, 98]. 
For bulk Fe, Haines et al. [97] have retrieved a range of SRMO near Tc up to the next 
nearest neighbors which corresponds to v ~ 15. Similar values are obtained in cal- 
culations of SRMO in Fe bulk and Fe surfaces [91]. For Ni, the SRMO is generally 
expected to be stronger than for Fe [98]. 

As shown in Table 5, the comparison between experiment and the results derived 
from Eq. (28) neglecting SRMO (i.e., with v = 1) is very poor. This rules out the 
disorder-local-moment picture for Fe and Ni clusters, as it is already known to be the 
case for the bulk and near surfaces [91, 97, 98]. On the contrary, the results including 
SRMO are in very good agreement with experiment for both Fey, with v — 15, and 
Niy, with v = 19-43. This provides a clear evidence for the existence of SRMO in these 
clusters above T-(N) and is also consistent with known surface and bulk properties of 
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Table 5: Average magnetization per atom ñy (in ug) of Fey and Niy clusters at high temperatures 
(T7 TONI as obtained from Eq. (28) where v refers to the size of the SRMO domains. 








N fiy(v = 1) Duty = vsr) liy (expt) 
Fey 50-60 0.47-0.38 1.61-1.48 1.6+0.2 
82-92 0.33-0.31 1.26-1.20 1.2+0.2 
120-140 0.27-0.25 1.05-0.97 0.9+0.1 
250-290 0.16-0.15 0.63-0.59 0.4+0.05 
500-600 0.10-0.09 0.38-0.36 0.4+0.05 
Niy 140-160 0.06-0.05 0.39-0.24 0.36+0.16 
200-240 0.05-0.04 0.33-0.20 0.24+0.16 
550-600 0.03-0.02 0.17-0.11 0.11 +0.08 








For Fe vsr = 15 and for Ni vsr = 19-43. The experimental results are estimated from Ref. [44]. 


itinerant magnetism. Eq. (28) can also be used to infer the degree of SRMO in clusters 
from the experimental results for äy(T = 0) and fiy(T — T'c) [44]. For example, as- 
suming that v is independent of N, one obtains v = 13-15 for Fey 25x N « 700). A 
more detailed analysis of Eq. (28) shows that these values of v are not overestimated 
[99]. In fact, the degree of SRMO in the clusters could be somewhat larger than in the 
corresponding solids, possibly as a consequence of the enhancement of the local 
magnetic moments and exchange splittings. One concludes that SRMO plays a sig- 
nificant role in the finite-temperature behavior of magnetic TM clusters and that it 
should be taken into account in the interpretation of experiments as well as in the- 
oretical developments. 


6.4. Environment dependence of the magnetization curves 

The purpose of this section is to discuss the interplay between local environment and 
the stability of ferromagnetism at finite temperatures by reviewing recent calculations 
on the local magnetization curves MOT) in small Fe clusters and ultrathin films. In 
Fig. 10, results are given for the layer-resolved magnetization curves MT) of a five- 
layer BCC (00 1) Fe film as obtained by using the single-site VCA [96]. For the sake of 
comparison, the corresponding bulk magnetization curve is also shown. At low tem- 
peratures, the surface layers (/= 1) show a rapid linear decrease of M,(T), which is 
quite different from the behavior at inner layers. This indicates that the spin-fluctu- 
ation energies are lower at the surface despite the larger ground-state moments. A 
similar linear decrease of M(T) has been found in experiments and previous calcu- 
lations [100-103]. At the inner layers (/ — 2 and 3) the ground-state magnetization 
M40) and the temperature dependence of MT) are similar to the bulk. In fact, for 
l= 2 and 3, MAT) scales with the ground moment M0). This is not the case for /= 1 
since in this case the reduction of the spin-fluctuation energies dominates in front of 
the enhancement of the local moments. A similar behavior is found for a free-standing 
Fe having a reduced interatomic distance dea = 0.87 [96]. 

The Curie temperature of the five-layer film is only 5% lower than the bulk one. 
This appears to be the result of compensations between the contributions of surface 
and inner layers, where the latter dominate the magnetic behavior of the film as a 
whole. On the one side, the surface layers show a very rapid decrease of M,(7) that 
seems to point to a significantly smaller Tc than in the bulk. And on the other side, the 
ferromagnetic order is more stable at the inner layers which have a complete NN shell 
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Figure 10: Layer magnetization MAT of a five-layer BCC (00 1) Fe film calculated in the VCA. / = 1 (dots) 
refers to the surface layers, l = 2 (open circles) to the layers below the surface, and / = 3 (crosses) to the 
central layer. The dashed curve is the corresponding bulk result. 


(l= 2 and 3). Finally, close to Tc, the coupling between inner and surface layers tends 
to stabilize the magnetization. 

The finite-temperature magnetic properties of nanostructures have also been inves- 
tigated by varying systematically the NN distance d in ultrathin Fe films around the 
bulk value d, and for some relevant substrates. In this way, the interplay between 
kinetic and Coulomb energies can be explored, since shorter NN distances yield larger 
d-band widths which correspond to larger coordination numbers. A remarkable non- 
monotonous dependence of the magnetization curves on d/d, has been observed which 
can be interpreted in terms of the changes in the local magnetic moments and in the 
spin-fluctuation energies AFC) [96]. In this context, it is particularly interesting to 
compare the role of the local environment on the ground state and finite temperature 
properties and to establish correlations between them. Figure 11 summarizes results 
for the magnetization Mx0) at T = 0 and for the Curie temperature Tc of Fe mono- 
layers as a function of d/d,, as obtained by using the VCA and CPA. One observes that 
the ground-state moment grows rapidly with increasing d as the density of states at the 
Fermi energy increases, in agreement with Stoner's theory. At some point, M0) 
reaches the saturation value M,4, = 10 -nq beyond which M(0) is independent of 
d. The Curie temperature, which measures the stability of ferromagnetism at finite 
T, shows a much more interesting non-monotonous behavior that can be qualitatively 
interpreted in terms of a mean-field Heisenberg model for the atomic spins. In this 
framework kgTc œ zJgM (0)? /3, where z is the coordination number, Jy is the 
effective Heisenberg coupling between NN spins, and M0) is the T= 0 moment. 
Three different regimes can be distinguished. First, for 0.87 x d/d,« 0.91 Tc increases 
due to the increase of the local moments and the associated enhancement of the 
exchange splitting Ae“ (see Fig. 11a and b). In this range, M0) and Ac? increase 
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Figure 11: (a) Ground-state magnetization M(0) and (b) Curie temperature Tc of a BCC (001) Fe mono- 
layer as a function of the nearest neighbor distance d. Dots (crosses) refer to VCA (CPA) results. 


significantly which dominates over the effects of the reduction of the NN hoppings on 
the magnetic order. In fact, the effective Heisenberg coupling Jy ~ 3kgT c/[zM;(0))] 
increases with d, for example in the CPA, from Jy — 4.5 meV/15 for dieu = 0.88 to 
Ju > 8.3 meV Jus for d/dyur = 0.91. The subtle effects of itinerant magnetism become 
even more evident for 0.9<d/dyuy,.<1 where M0) is constant and still Tc increases. 
Notice that in this range, the mean-field exchange splitting at T = 0 is also constant so 
that the enhancement of Tce must be ascribed to changes in the electronic structure in 
the presence of spin fluctuations (random alloy). Finally, for d/dyux > 1, the behavior 
changes and the effective Ju decreases with increasing d. In this case, the electronic 
hoppings and the kinetic energy of the electrons are small and the spin fluctuations 
have a more localized character. Consequently, as d increases the spin-fluctuation 
energies decrease, since the perturbations introduced by disorder are less significant. In 
summary, the distance dependence of the finite-temperature properties are the result of 
a subtle competition between localized and itinerant aspects of magnetism. Interesting 
phenomena can also be expected as a function of other variables like cluster size and 
local coordination number, which also affect the relative importance of kinetic and 
Coulomb contributions. 

In the case of a finite system as a cluster, the average quantities which give useful 
information about the magnetic order are the root mean square of the magnetization 
MAT) = 2(X;Szy)!? and the pair correlation functions Cj(T) = Arr) between 
the local magnetic moments at atoms i and j. These are determined by integration over 
all the exchange fields at each atom i by using Monte Carlo methods [104]. The 
convergence of the thermal average can be significantly improved by performing in 
parallel several simulations for different temperatures (parallel tempering) [95]. 

In Fig. 12, representative results are given for MT) and C;(T) of Fe, having a 
bipyramid structure (see inset). One observes that at low temperatures the average 
magnetic moment per atom fiy(T)= M-(T)/N is saturated (äy(T > 0) ~ 3.01), 
while at high temperatures fi,y(T — oo) approaches the value expected for a magnet- 
ically disordered state [105]. Starting from low temperatures, fi, decreases since the 
local magnetic moments in the cluster fluctuate. The stability of ferromagnetic order 
within the cluster can be characterized by the temperature T’<(N) corresponding to the 
inflexion point in fiy(T). This can be regarded as the precursor of the critical point 
associated to the Curie temperature in bulk ferromagnets. From Fig. 12, the 
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Figure 12: Temperature dependence of the magnetization uy(T) for Fes. The geometry of the cluster and the 
pair correlation functions C; are shown in the inset. 


temperature at which the inflexion point occurs is 7 c(6)/ T c(bulk) = 0.72, which is 
significantly smaller than the bulk Curie temperature calculated with the same model. 

In order to gain further insight on the temperature dependence of ä, and its in- 
terplay with the local environment, we report in the inset of Fig. 12 the pair-corre- 
lation functions C; between the local moments. The indices i and j corresponding to 
the atomic sites are indicated in the illustration of the cluster structure (see inset). 
Notice the rapid decrease of C; with temperature and the different qualitative be- 
haviors of Cj» and Cis on the one side, and of Ca and C56 on the other side. In the 
latter case, there is a range of temperatures for which the magnetic couplings between 
the pair sites 14 and 56 is antiferromagnetic like, i.e., C< 0 for T/T (bulk) 2 0.7. This 
explains qualitatively the fast decrease of uy(T) with increasing T. 

The previous discussion illustrates the remarkable non-monotonous dependence of 
the magnetization curves as a function of the positions of the atoms within the nano- 
structure or as a function of interatomic distances. These trends can be correlated, at 
least qualitatively, with the environment dependence of the electronic structure of 
itinerant d electrons and with the resulting changes in the ground-state magnetic 
moments and spin-fluctuation energies. Nevertheless, several important aspects of the 
problem still remain to be addressed. For example, non-collinear magnetic order and 
fluctuations of vector exchange fields are likely to affect the magnetization curves and 
probably reduce the calculated values of Tc. The effects of interfaces with non- 
magnetic substrates are expected to be important, particularly in the case of small 
clusters deposited on surfaces. They should be incorporated in order to achieve a more 
realistic comparison with experiment. It would also be very interesting to extend the 
model Hamiltonian in order to include spin-orbit interactions that are responsible for 
magnetic anisotropy and for spin reorientation transitions as a function of temper- 
ature and structure [75, 106—108]. Finally, it remains a major challenge to improve on 
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the treatment of electronic correlations which are expected to become increasingly 
important as the system dimensions decrease. This problem is addressed in the 
following section. 


7. ELECTRON CORRELATION EFFECTS IN MAGNETIC CLUSTERS 


The mean-field results discussed in previous sections, either at T = 0 or in the frame- 
work of the static approximation at finite temperatures, have revealed a variety of very 
interesting magnetic behaviors of clusters and nanostructures in good agreement with 
experimental observations. Nevertheless, in order to achieve a profound understand- 
ing of nanostructure magnetism, it is necessary to go beyond mean-field approxima- 
tions and to improve on the treatment of electron correlations. The many-body 
phenomena underlying the magnetic properties of nanostructures are not only im- 
portant from a fundamental point of view, but they are likely to be crucial in inves- 
tigations of more delicate properties such as photoemission spectra, time-dependent 
properties, or finite temperature effects, particularly in connection with magnetic an- 
isotropy. Consequently, it is worthwhile to extend the studies of cluster magnetism by 
including charge and spin fluctuations explicitly. 

The simultaneous determination of electron correlation effects, magnetism, and clus- 
ter geometry is a very difficult task. Therefore, most theoretical studies performed so far 
have dealed with only part of these aspects of the problem at a time. An explicit ab initio 
treatment of electron correlations has been severely hampered by the localized character 
of the atomic-like 3d orbitals, and by the complicated dependence of the magnetic 
moments and magnetic order on cluster geometry. The mean-field approximation dis- 
cussed in Section 2.1 could be in principle improved systematically, for example, by 
treating the residual interactions by perturbation methods or by using Gutzwiller or 
Jastrow variational Ansdtze [109, 110]. However, a general implementation of such 
calculations for TM clusters would be very demanding, particularly if the structure is 
arbitrary, i.e., lacking of any symmetry. In Sections 7.1—7.4, we review theoretical results 
on the structural, electronic, and magnetic properties of clusters, which were obtained 
by considering simple many-body model Hamiltonians and exact diagonalization 
methods. Thus, a rigorous solution of the many-body problem is achieved which con- 
tains enough complexity to be able to shed light on the physics of real systems. 


7.1. Hubbard clusters 

The magnetic behavior of itinerant electrons is known to be very sensitive to the 
details of the electronic structure, the cluster structure, and the local environment of 
the atoms. It is therefore of considerable interest to investigate the interplay between 
electron correlations, magnetism and cluster structure, and the resulting stability of 
cluster ferromagnetism with respect to structural changes and electronic excitations. 
In order to study this problem, one may simplify the model given by Eqs. (1)-(3) 
by dropping the d-band degeneracy. One obtains then the single-band Hubbard 
Hamiltonian [111] 


H=-t 5 & ĉjo + UN Anni (29) 
(iJ). ; 
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where e (Gis) refers to the creation (annihilation) operator for an electron at site i with 
spin c, and nj, = & ĉio to the corresponding number operator. The first term is the 
kinetic-energy operator, which describes electronic hoppings between NN sites i and j 
leading to electron delocalization and bond formation (t 0). The second term takes 
into account the intra-atomic Coulomb repulsion, which is the dominant contribution 
from the electron-electron interaction (U 0) [11 1]. At low energies, the electronic 
properties result from a delicate balance between the tendency to delocalize the va- 
lence electrons in order to reduce their kinetic energy, and the effect of the Coulomb 
repulsions associated to local charge fluctuations. The relative importance of these 
contributions depends strongly on the electron density or number of electrons v, on the 
total spin S and on the ratio U/t. 

The Hubbard model for small clusters can be solved numerically by expan- 
ding its eigenfunctions II = X,,2;5,|0,) in a complete set of basis states |®,,) = 
[IT;s (65) ]lvac) which have definite occupation numbers n» at all orbitals 
io (fii; | ,,) = n5|0,,) with n? — 0 or 1). The values of n7 satisfy the conservation 
of the number of electrons v= v4 +v, and of the z component of the total spin 
S; = (v4 — v,)/2, where v, = Lat, Taking into account all possible electronic con- 
figurations may imply a considerable numerical effort which in practice sets a drastic 
limit to the size of the clusters under study. For example, at half-band filling and 
minimal S., the dimension of the Hilbert space D — HG) is D = 853776, 2944656, 
and 11778624, for N= 12, 13, and 14, respectively. For not too large clusters, the 
expansion coefficients an corresponding to the ground state (/=0) and low-lying 
excited states are determined by sparse-matrix diagonalization procedures such as the 
Lanczos iterative method [112]. Several ground-state properties can be calculated in 
terms of the coefficients oj, of the eigenstate II by simple operations on the basis 
states |®,,,), for example, the spin-density distribution 


^ 2 
(Rig): 3 tml? n (30) 
m 
the density correlation functions 


^ 5 2 
(fige) = A am? ngn, Q1) 


m 


and the spin correlation functions 


($85, — am? It — ng) (32) 
In this way, the underlying electron correlation problem is solved exactly within a full 
many-body scheme. 

In order to perform the ground-state geometry optimization, or the sampling of 
different structures at finite T, it should be noted that in the Hubbard model only the 
topological aspect of the structure is relevant for the electronic properties. Defining the 
cluster structure is equivalent to defining for each atom i those atoms j which are 
connected to i by a hopping element t. This implies that the set of all possible non- 
equivalent cluster structures is a subset of the set of graphs with N vertices [113]. For 
example, for N — 3 there are two different graphs (triangle and linear chain) and for 
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N = 4 these are six (tetrahedron, rhombus, square, star, etc.). Taking into account only 
NN hoppings with fixed bond-length results in a discretization of the configurational 
space. Geometry optimizations and samplings at finite T can be performed within the 
graph space. In order to generate all possible graphs one considers the adjacency matrix 
A, which contains all the information to define a graph (Aj = 1 if i and j are NNs and 
Aj; = 0 otherwise). An efficient storage and handling of A on a computer is achieved by 
writing it as an integer number [89]. For the study of clusters, we must consider only 
those graphs which can be represented as a true structure in space. Therefore, a graph is 
acceptable as a cluster structure if a set of atomic coordinates R; exists (i = 1,...,N), 
such that the interatomic distances Rj satisfy the conditions Rj = Ro if the sites i and j 
are connected in the graph (Ge, if 4; = 1), and R,;> Ry otherwise (i.e., if Aj = 0). 
Notice that the number of graphs ng, i.e., the number of site configurations to be 
considered, increases extremely rapidly with the number of atoms N. 


7.2. Ground-state structure and total spin 

The most stable structure and the corresponding ground-state spin S have been de- 
termined systematically as a function of U/t and v [89]. The main conclusions and 
trends derived from these calculations for V 8 are summarized below. 

For low electron or hole concentration (i.e., v/N <0.4-0.6 and 2 -v/N<0.3-0.6), the 
optimal cluster structure is independent of U/t, i.e., the structure which yields the 
minimal kinetic energy (uncorrelated limit) remains the most stable one, irrespectively 
of the strength of the Coulomb interactions. Moreover, no magnetic transitions are 
observed: the ground state is always a singlet or a doublet. For low carrier concen- 
tration, the Coulomb interactions are very efficiently suppressed by the correlations, 
so that the magnetic and geometric structure of the clusters are dominated by the 
kinetic energy term. 

For small v, the structures are compact having maximal average coordination 
number Z(t; = —t<0). These are all substructures of the icosahedron which maximize 
the number of triangular loops. In contrast, for large v (small v; = 2N — v) open 
structures are found. In particular for v, = 2 we obtain bipartite structures, which 
have the largest possible number of square loops. This can be qualitatively understood 
in terms of the single-particle spectrum. In the first case (small v) the largest stability 1s 
obtained for the largest band-width for bonding (negative-energy) states (ej < — Zt), 
while in the second case (small v,) it is obtained for the largest band-width for an- 
tibonding (positive-energy) states, i.e., for the most compact bipartite structure. 

A much more interesting interplay between electronic correlations, magnetism, and 
cluster structure is observed around half-band filling (i.e., |v/N — 1| 0.2 — 0.4) where 
several structural transitions are found as a function of U/t. Starting from the un- 
correlated structures (U — 0) one observes that as U is increased, first one or more of 
the weakest cluster bonds are broken. These structural changes occur for U/t 21-4 
and are most often seen for v« N, since in this case the U = 0 structures are more 
compact. As U is further increased (U/t> 5-6), it becomes energetically more advan- 
tageous to create new bonds. Higher coordination gives the strongly correlated elec- 
trons more possibilities for performing a mutually avoiding motion that lowers the 
kinetic energy. 

The structural changes at larger U are often accompanied by strong changes in the 
magnetic behavior. They are actually driven by magnetism [114]. For half-band filling 
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(v = N), the optimal structures show minimal total spin S and strong antiferromag- 
netic correlations. None of the structures having a (unsaturated) ferromagnetic ground 
state [115] were found to be the most stable ones for any value of U/t. The optimal 
antiferromagnetic structures are non-bipartite. For instance, the rhombus is more sta- 
ble than the square for N — v — 4. The bonds that would be frustrated in a static 
picture of antiferromagnetism yield an appreciable energy lowering when quantum 
fluctuations are taken into account. Therefore, Hubbard clusters with one electron per 
site and large U/t can be best seen as frustrated quantum antiferromagnets. 

For all studied cluster sizes (N « 8), the most stable structures show ferromagnetism 
for v= N+ 1 and large U (typically U/t>4-14). This is in agreement with Nagaoka's 
theorem [116]. For the smaller clusters, i.e., N — 3, 4, and 6, this is the only case where 
the optimal structures are ferromagnetic. However, for larger clusters, ferromagnetism 
extends more and more throughout the (U/t)-(v/N) phase diagram. Clusters with 
N — 7 (N= 8) are ferromagnetic for v = 4, 6, 8, and 10 (v = The tendency 
toward ferromagnetism is much stronger above half-band filling than below. This is 
qualitatively in agreement with experiments on 3d-TM clusters. In fact, the magnetic 
moments per atom u in V and Cr clusters are very small if not zero (u<0.6-0.815) 
[117], while Fe and Co clusters show large magnetizations [44, 45, 118]. 

It is important to remark that the appearance of ferromagnetism is much less 
frequent than what one would expect from mean-field Hartree-Fock arguments (Oe, 
Stoner criterion). This reflects the importance of correlations in low-dimensional sys- 
tems [114, 119]. It should be however noted that the Hubbard model for clusters 
probably exaggerates the effects of quantum fluctuations, since it is one of the most 
extremely low-dimensional systems one can consider. Improvements on the model, 
either by including several bands or non-local interactions, should tend to weaken 
such strong fluctuation effects. 

Hubbard clusters are in accordance with nature in a further interesting aspect. While 
the number of possible site configurations or graphs n, increases exponentially with 
the number of atoms N, the number of structures n, which are optimal for some value 
of the parameters U/t and v/N remains a handful. For example, for N= 7 (8), 
ng = 853 (11117) while n, = 18 (23). As the cluster size increases, some growth pat- 
terns start to dominate and the same or very similar structures cover larger and larger 
regions of the phase diagrams. The situation tends to what one observes in the macro- 
scopic limit (solid state) where — regardless of the infinite number of topologically 
different atomic arrangements — the equilibrium lattice structures of the elements are 
only a few (FCC, HCP, BCC, etc.). 


7.3. Spin excitations and structural fluctuations at finite temperatures 
The finite-temperature properties are derived from the canonical partition function 


F= Kä 2, e Pa) (33) 
g 


over electronic and structural degrees of freedom. In particular, the average total spin 
(S) is obtained from 


($) 2 2373 85 efto G4) 
g I 
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In Eqs. (33) and (34), zial stands for the energy of the /th eigenstate corresponding to 
a cluster structure or geometry g. P = l/kgT, where T is the temperature of the cluster 
source that defines the macroscopic thermal bath with which the small clusters are in 
equilibrium before expansion. Thermal average refers then to the ensemble of clusters 
in the beam. Keeping v and N fixed (canonical ensemble) corresponds to the experi- 
mental situation in charge and size-selected beams [44]. In order to sample all relevant 
cluster geometries we recall that in the Hubbard model only the topological aspect of 
the structure is relevant to the electronic properties. Taking into account, only NN 
hoppings with fixed bond-lengths results in a discretization of the configurational 
space so that the sampling of cluster geometries can be performed within graph space 
(see Section 7.1). 

Figure 13 shows a representative example of the temperature dependence of the 
average total magnetic moment (S) in small Hubbard clusters ((S)((S) + 1) = (S°)). 
For large U/t (saturated FM ground state), (S) decreases monotonically with in- 
creasing T tending to a remnant value (S),,>0 at high temperatures (T/tz 1) that 
corresponds to an equally probable occupation of all electronic states within the first 
Hubbard band (kgT e U). In the present case, (S),, = 1.5. The classical analogue of 
(S), is the average of N random spins which does not vanish in a finite system 
(Uu...) = Uo /VN) [99]. The difference (S) — (S),, is a measure of the importance of 
short-range magnetic order (see Section 6.3). 

For smaller values of U/t corresponding to a non-saturated FM ground state — for 
example, S = 3/2 for U/t = 16 — a completely different, non-monotonous temperature 
dependence of (S) is found. Here, one observes first an increase of (S) with increasing 
T, for T'«0.05t, followed by a decrease toward the high-temperature limit (Ss. The 
increase of (S) at low T results from populating low-lying excited states which have 
higher S than the ground state (E(S = 5/2) — E(S = 3/2) = 0.02t for U/t = 16). If the 
temperature is further increased, (S) decreases since the FM correlations are destroyed 














T/t 


Figure 13: Temperature dependence of the average total spin (S) of clusters having N = 6 atoms and v = 7 
electrons where (S)((S) + 1) = (S ) and t refers to the hopping integral. The calculations take into account 
either the electronic excitations alone (dashed) or both electronic excitations and structural fluctuations 


(solid). 
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in a similar way as for U/t = 64. It is interesting to observe that a weak increase of 
the average magnetization per atom with increasing 7' has been experimentally 
observed in large Coy clusters (N ~ 50 — 600 and T ~ 400) [44]. The temperature 
dependence of (S) in non-saturated FM clusters is very sensitive to the value of U/t. 
If U/t is increased beyond U/t = 16, the S = 5/2 states are stabilized with respect to 
the quartet and the maximum in (S)(T) shifts to lower temperatures. For sufficiently 
large U/t, the sextet becomes the ground state. In contrast, at smaller U/t (e.g, 
U/t = 12), the excitation energies to high-spin states increase and the low-lying 
excitations correspond to minimal S. Consequently, (S) decreases rapidly at low 
T showing eventually a minimum at intermediate T. The strong sensitivity of the spin 
excitation spectra on U/t reflects the importance of electron correlations to the finite 
temperature behavior. 

The crossover from the low-temperature ferromagnetically ordered state to the high- 
temperature disordered state is significantly broadened by the finite size of the cluster. 
However, a characteristic temperature scale TN) may be identified above which the 
FM correlations gre strongly reduced by thermal spin fluctuations. In contrast, the 
local moments ($ ;) remain essentially unaffected well above Tc. Taking the inflection 
point in (S)(T) as a measure of T'-(N) one obtains T'c/t ~ 0.1 — 0.2 (see Fig. 13). This 
corresponds to about 1/100 of the bulk band-width W, or to 500—600 K if parameters 
appropriate for TMs are used (W, = 16t for the FCC structure and W, = 5-6eV 
for TM d-bands). Similar conclusions are derived from the temperature dependence 
of the spin-correlation functions. Furthermore, the magnetic susceptibility y(7) shows 
a Curie-Weiss like behavior of the form y « 1/(T — Tc) ! for T» Tc = 0.15t, and 
the specific heat C,(T) shows a peak at T ~ Tc due to magnetic excitations. These 
results can be interpreted as a precursor of a magnetic phase transition in the infinite 
solid [88]. 

The solid curves in Fig. 13 are obtained by including temperature-induced changes 
of structure (see Eqs. (33) and (34)). Structural fluctuations play no role at low 
temperatures where the ground-state structure dominates (T/t « 0.05). However, at 
higher 7, they contribute to a more rapid decrease of (S). With increasing T, the 
average coordination (z) decreases since breaking NN bonds becomes increasingly 
probable. The reduction of (z) is more important for U/t = 16 than for U/t = 64 
since ferromagnetism tends to stabilize the more compact structures [89]. Conse- 
quently, the effect of structural fluctuations on (S)(T) is stronger for moderate U/t, 
where the ground-state magnetic moments are not saturated. The reduction of (S) as 
a result of structural fluctuations may be qualitatively understood as follows. In 
open structures, the band-width for bonding (negative energy) states is smaller. 
Therefore, the eigenstates with maximal spin, whose energy is dominated by the 
minority electrons, are comparatively less stable than lower spin states. In other 
words, the spin-flip energy AE = E(Smax — 1) — E(Smax) tends to decrease with de- 
creasing coordination number. Thus, (S)(T) is reduced as more open structures are 
populated. More complex structural effects are found for other v/N and U/t. For 
example, one may find structures having a higher energy and a higher ground-state 
spin S than the optimal structure at T = 0 [89]. In such cases, taking into account 
structural fluctuations could tend to increase (S)(T). One concludes that structural 
fluctuations can play an important role in the temperature dependence of cluster 
magnetic properties. 
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7.4. Kondo screening of magnetic impurities in metal clusters 

In solids, TM and RE compounds are known to present remarkable properties, such 
as Kondo, intermediate-valence, or heavy-fermion behavior, which are intrinsically 
related to the localized character of the d or f electrons and to their interactions with 
the conduction-band states [109, 120]. The unconventional properties of such strongly 
correlated systems reflect the competition between the tendency of electrons to 
delocalize, in order to form chemical bonds and energy bands, and the resulting local 
charge fluctuations, which increase the Coulomb-repulsion energy and which favor the 
occupation of localized states. A typical manifestation of this interplay is the presence 
of small energy scales in the excitation spectrum that lead to striking low-temperature 
properties. Clearly, the reduction of size in clusters can drastically modify and even- 
tually suppress these phenomena, as a result of the discreteness of the energy spectrum, 
due to a reduction of the number of electronic states near the Fermi level, or even as a 
consequence of a change in the lattice structure. In the case of a magnetic impurity in a 
finite-size metallic environment, the formation of a Kondo singlet [121, 122] may be 
significantly affected if the available number of conduction-electron states at temper- 
atures kgT lower than the mean level spacing ôy is not enough to effectively screen the 
magnetic moment of the impurity. 

Recently, the consequences of confinement and of the discreteness of the energy 
spectrum have been investigated by considering the Anderson model in idealized 
nanoscopic systems [123-125]. In addition, there are several other contributions that 
are expected to be important for the study of clusters, particularly in the small-size 
regime. For example, besides the usual dependence of the single-particle electronic 
spectrum on size and shape, one should take into account the changes in the local 
environment of the impurity and of the sd or sf hybridizations, which determine the 
degree of localization of the impurity states. Moreover, as already discussed in the 
previous section, the low-lying spin excitations and isomerizations are likely to involve 
comparable energy scales. Therefore, the contributions of geometries with different 
impurity positions should be treated on the same footing. A thorough optimization 
and sampling of cluster structures is therefore necessary in order to describe the 
ground-state and low-temperature properties. It is the purpose of this section to review 
theoretical results on the electronic, structural, and magnetic properties of small metal 
cluster containing magnetic impurities. These have been obtained in the framework of 
a real-space version of the single-impurity Anderson model [126] which is solved by 
exact diagonalization methods. 

We consider N-atom clusters containing N — 1 simple-metal atoms and one magnetic 
impurity. The model Hamiltonian is given by 


Pon 8d (35) 
The first term 


H, = lg 5 el ĉjo (36) 
(ij), 


describes the s-like valence-electron states of the simple-metal atoms and of the im- 
purity by using a single-band tight-binding model. As usual, Di (Cic) refers to the 
creation (annihilation) operator of an electron with spin o at the s orbital of atom i, 
and t,, to the NN s-electron hopping integral. Possible differences between the s levels 
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€ in different atoms are disregarded by setting e, = 0 both at the metal-host sites 
(1 &ix N — 1) and at the impurity (i = 0). The second term 


Ay ër 3 gs Ugfipyfig, (37) 


concerns the magnetic degrees of freedom of the impurity [126]. Here fiy; = f E is the 
electron number operator of the localized d- or f-like impurity orbital, ¢ the corre- 
sponding energy level, and Uy the Coulomb-repulsion integral. Orbital degeneracies 
are neglected for simplicity. Finally, the third term 


^ at, A ^ 
Hy — Vy V f pêo + Gel (38) 


takes into account the coupling between the localized level and the delocalized elec- 
trons by means of an intra-atomic sf hybridization at the impurity atom i = 0. 
H may be written in terms of the single-particle eigenstates a = ae of H,as 


A= Y aus + X ejûjo + Ug ig, + Vig Flake + 4S) (39) 
ko [2 ko 
The s-electron eigenenergies are denoted by & (fs, al] = eral) and the kf hybrid- 
izations by Vy = o Har, where i refers to the impurity atom. Notice that ex and Vpr 
depend strongly on the size, cluster topology, and impurity position i. As we shall see, 
this form of the Hamiltonian is particularly useful in cases where symmetry consid- 
erations allow to reduce the number of conduction electron states that couple to the 
impurity. 
The ground-state and excited-state properties are calculated by using exact diag- 
onalization methods [89, 112]. In particular, the spin gap is given by 


AE = E(S = 1,3/2) - E(S = 0,1/2) (40) 


where E(S) stands for the lowest eigenenergy of spin S. Relevant finite-temperature 
properties, like the specific heat 


(E^ - (EY 
ud Far EN 
B 
the zero-field magnetic susceptibility 
S 
ET (42) 


the corresponding impurity contribution 


(éi + SÉ 


= 4 
ty ae (43) 





and the effective impurity moment 


D — kg Ty, = (scp) D N (sep5:i) (44) 


are determined in the canonical ensemble. Here the temperature T refers to the cluster 
source that defines the macroscopic thermal bath with which the clusters are in 
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equilibrium before expansion in the beam. The averages apply then to the ensemble of 
clusters in the beam. 

For small clusters (V<8), a complete geometry optimization can be performed by 
considering all non-equivalent cluster topologies, in analogy to previous works on the 
Hueckel and Hubbard models [89, 113]. Alternatively, for selected clusters having a 
high point-group symmetry (e.g., FCC clusters of nearly spherical shape) one may use 
a decoupling scheme that allows exact calculations of finite-temperature properties of 
relatively large clusters (V< 80-100). Only the conduction states k that couple with the 
magnetic degrees of freedom (i.e., having Vu #0) need to be included in the many- 
body diagonalization. The other conduction states define a single-particle problem 
that can be solved independently. 

For the purpose of the present discussion we take e, = 0 and t,, as the unit of energy, 
and we set Vy/ts= 0.5, ef/ts = —5, and Uy/tss = 100. These parameters are re 
presentative of the Kondo regime where the impurity moment is localized and only very 
small virtual charge fluctuations are possible (ny ~ 1 since Uy > |es — el > |V sl). 
The band filling or number of electrons v is varied in order to illustrate the role of the 
single-particle electronic structure (e.g., even-odd effects). Otherwise, we focus on 
neutral systems which have one electron per orbital, i.e., v= N+1 where N is the 
number of atoms. 

In solids, the magnetic behavior of impurities and in particular the Kondo tem- 
perature are known to depend crucially on the conduction-electron density of states at 
the Fermi level [121, 122]. It is therefore very interesting to discuss if a similar analysis 
applies to the finite-size version of this effect. For even v the ground state 1s in general 
a singlet and AE = E(1) — E(0) is of the same order, though somewhat smaller, as 
the singlet-triplet gap AE» = Hefe |er| of the two-level problem (AE = tss/10 for 
the present parameter choice). In contrast, for odd v, AE = E(3/2) — E(1/2) is of the 
order of s-electron hopping tss, which indicates that this is essentially an electron-hole 
excitation within the conduction band. As a result, AE shows strong oscillations as a 
function of v [127]. 

The band-filling dependence of AE may be qualitatively understood in terms of the 
cluster-specific single-particle spectrum ex and kf hybridizations Hu For even v, the 
singlet-triplet gap can be obtained quite accurately from the solution of a two-level 
problem which is given by AE — He Je — pel The dependence of AE on the im- 
purity position 7 reflects the dependence of Hu = a; V, on i. As will be discussed 
below, these small singlet-triplet gaps can be interpreted as a finite-size equivalent of 
the Kondo effect. The situation changes for odd v since the highest occupied s-electron 
state is fully occupied in the lowest-energy configurations. The sf hybridization may 
only promote the impurity electron to higher s levels, which are empty for both spin 
directions. Therefore, the impurity spin remains unchanged after such a charge fluc- 
tuation: either s.-= 1/2 or sy=-1/2. The first S = 3/2 state corresponds then to the 
creation of an electron-hole pair in the conduction-band spectrum. Consequently, the 
excitation energy is of the order of t,, and the dependence on the impurity position is 
very weak. 

An interesting interplay has been observed between cluster topology, impurity 
position, and magnetic behavior. The energy changes associated to different impurity 
positions are relatively small, often smaller than the magnetic excitations. Larger 
isomerization energies are found when the topology of the cluster changes. This 
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suggests that at finite temperatures some structural transitions should coexist with the 
lowest electronic or magnetic excitations. An analogous effect has also been observed 
in Hubbard clusters (see Section 7.3) [89]. Similar trends hold at higher excitation 
energies, where one finds a multitude of isomers with very similar stability. 

In Figs. 14 and 15, results are given for the temperature dependence of the effective 
impurity moment Di the magnetic susceptibility x, and the specific heat C. The most 
stable clusters having N — 5 atoms and v — 6 electrons are considered. The statistical 
averages were calculated in the canonical ensemble by considering each cluster struc- 
ture separately for all T. The effective impurity moment py shows very clearly the 
consequences of the low-energy Kondo-like excitations. For the most stable structures 
having a singlet ground state (isomers i= 1—4), uy vanishes at T= 0 due to the 
screening of the impurity by the conduction electrons. The impurity moment fluctuates 
between up and down directions keeping strong AF correlations with the conduction s 
states. For very low T, one obtains ( 25) = 1/4 and 3 geg = —1/4 so that the 
screening of the impurity magnetic moment is complete (see Eq. (44)). In contrast, the 
clusters lacking of singlet formation (e.g., isomer i — 5) show an unscreened moment 
D = 1/4 down to T= 0 since AE = 0. As T increases and T approaches AE(i)/kz, the 
AF spin correlations of the singlet ground state (i = 1—4) are progressively destroyed 
by thermal fluctuations across the singlet-triplet gap. Consequently, an exponentially 
activated increase of uy is observed which depends on the impurity position 7. For 
kgT > AE(i), 3 sos > 0. At this point (kgT ~ 10AE in Fig. 14), the impurity 
moment is completely uncoupled from the conduction states and Ly ~ 1/4 for all 
i. The Kondo clusters (i = 1-4) join the behavior of the unscreened ones (i= 5). 
Notice that in the Kondo limit, where the f-level ris well below the Fermi energy and 
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Figure 14: Temperature dependence of the effective impurity moment m and magnetic susceptibility y of the 
most stable clusters having N — 5 atoms and v — 6 valence electrons (see Eqs. (42)-(44)). AE(1) stands for 
the singlet-triplet gap of the most stable structure. 
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Figure 15: Temperature dependence of the specific heat C of the most stable clusters having N — 5 atoms 
and v = 6 valence electrons (see Eq. (41)). AE(1) stands for the singlet-triplet gap of the most stable 
structure. 


Uy is very large, the f-orbital occupation ny remains very close to 1 even for 
kgT > AE(i). Only at higher temperatures one starts to observe a reduction of uj. 
which is proportional to a decrease of ny, due to thermally induced charge fluctuations 
from the impurity f level to the conduction band. This occurs for kgT ~ (er — ey) 
which amounts approximately to |ef| = 51, for the present parameter choice. Finally, 
it is interesting to point out the remarkable qualitative similarities between the present 
results for uy in Anderson clusters and the far more complex physics of the Anderson 
impurity model in the macroscopic limit, as derived by using the renormalization 
group method [128]. 

The magnetic susceptibility of the cluster y is shown in the inset of Fig. 14. For large 
T, the impurity moment fluctuates freely and a Curie-like increase of y is observed for 
decreasing T. The saturation and further decrease of y for T « AE(i)/kg reflect the 
formation of a singlet ground state and the screening of the magnetic degree of free- 
dom for i= 1-4. As expected, for i = 5 the Curie law holds even for T'— 0 as for free 
moments in insulators. The maximum of y for different impurity positions scales with 
AE(i) as can be seen by comparing the various curves. In intermediate valence states a 
shift of the maximum to higher temperatures 1s found, which is consistent with a larger 
value of the singlet-triplet splitting AE(i). In this case, the magnetic response is also 
reduced by the increasing importance of charge fluctuations between magnetic and 
non-magnetic configurations. 

The corresponding results for the specific heat C are shown in Fig. 15. For i= 1-4, 
one observes a low-temperature peak at T' — AE(i)/kg that depends on the cluster 
geometry and impurity position 7 and that is a consequence of spin fluctuations. In 
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fact, the first peak in C occurs at approximately the same 7 for which x is maximum. 
The cluster structures that fail to form a Kondo singlet (e.g., i= 5) do not show such a 
low-temperature peak. At higher T, one observes an increase of C and a much broader 
maximum that is mainly due to electron-hole excitations within the conduction states. 
This contribution depends somewhat on the cluster topology, i.e., on the details of the 
conduction electron spectrum, but 1s essentially independent of the impurity position 
in the Kondo limit. However, some coupling between spin and charge fluctuations 
starts to develop for parameters corresponding to intermediate valence behavior. 

Summarizing, the exact diagonalization studies show that the impurity moment can 
be screened in the ground state as a result of strong electron correlations, in a similar 
way as the Kondo screening observed in the macroscopic limit. Further studies on 
larger clusters and other parameter regimes, particularly in order to explore the cluster 
intermediate-valence behavior, would be certainly worthwhile. Quantitative informa- 
tion about the low-energy electronic configurations of magnetic impurities in metal 
clusters can also be obtained in the framework of realistic electronic-structure ap- 
proaches, for example, by performing first principles density-functional or explicitly 
correlated calculations [129, 130]. In this way, it can be shown that transition-metal 
impurities like Ni preserve their magnetic degree of freedom when solved in small 
metal clusters like Cuy or Nay [129]. As in the present model study, the ab initio 
results indicate that the most stable cluster topologies are not much affected by the 
presence of the impurity, and that the energy differences for different impurity 
positions are similar to the excitation energies between different spin multiplicities. 
Moreover, the correlation between cluster structure and magnetism is also found to be 
particularly strong. 


8. CONCLUSION 


The variety of physical problems reviewed in this chapter reflect part of the remarkable 
current activity on the theory of magnetic nanostructures and at the same time suggest 
interesting perspectives on future developments. A significant proportion of the 
discussion has been focused on analyzing the electronic and magnetic properties from 
a local perspective in order to correlate the observed phenomena with the local envi- 
ronment of the atoms in each specific nanostructure. For instance, we have followed 
the evolution of spin and orbital moments, magnetic order and magnetic anisotropy in 
pure and alloy clusters, clusters deposited on surfaces or embedded in macroscopic 
matrices. Understanding the microscopic origin of these cluster properties is very 
important for developing new magnetic materials, in particular for applications in 
high-density recording and memory devices. Among the most interesting candidates 
for tuning the magnetic behavior of nanoparticles one should mention binary-alloy 
clusters and clusters deposited on highly polarizable substrates, where very interesting 
new effects are expected including complex non-collinear magnetic order and spin- 
canted phases. 

From a more fundamental perspective, electron correlation effects and temperature- 
dependent properties appear as challenging subjects where many open questions still 
remain to be elucidated. Methodological improvements on both theoretical and ex- 
perimental methods are certainly worthwhile and necessary. For example, one would 
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like to understand how electron correlations affect subtle properties like spin exci- 
tation energies and magnetic anisotropy. Rigorous calculations using realistic d-band 
Hamiltonians and exact diagonalization methods on small clusters could serve as a 
basis for testing approximations applicable to larger systems. The analysis of the 
evolution of the many-body electronic structure as a function of size would also 
provide a more profound understanding of the spin and orbital contributions to the 
magnetization of nanoparticles and of the crossover from localized to itinerant mag- 
netism as a function of size and dimensionality. 

The enhancement of the local magnetic moments in low-dimensional systems and the 
presence of significant short-range magnetic order above the Curie temperature are two 
characteristics of TM magnetism which play a significant role for determining the finite 
temperature behavior. Moreover, as discussed in previous sections, temperature- 
induced changes or fluctuations of the geometrical structure can also be very impor- 
tant, for example, for small clusters or close to the surface of nanoparticles. The 
functional-integral theory reviewed in this chapter can be applied to study this problem 
since the fluctuations of the local magnetic moments and the itinerant character of the 
d-electron states are taken into account at the same electronic level. More systematic 
studies of finite-temperature properties are necessary, in particular concerning the size 
dependence of the cluster “Curie” temperature T<{N). Monte Carlo algorithms are an 
appropriate tool for performing the functional integration over exchange fields by 
including collective spin fluctuations beyond the usual single-site approximations. For 
large clusters and cluster-based nanostructures, simpler spin models with effective spin— 
spin interactions could be derived from the electronic calculations. This should open 
the way to investigations of non-adiabatic spin-relaxation processes and of the 
dynamics of magnetic recording within a microscopic theory. 

In conclusion, the theory of magnetic nanostructures is a most challenging research 
area that will continue to reveal a series of novel phenomena, fascinating from a 
fundamental standpoint and important for technological applications. 
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1. INTRODUCTION 


Size-selected nanoclusters have attracted considerable interest recently because of the 
potential application of dispersed arrays of these clusters on surfaces. Metal clusters 
have application in electronics and catalysis and much experimental work has been 
undertaken to investigate the conditions under which the dispersed arrays of clusters 
can be formed. One way to form cluster arrays on surfaces is by the use of energetic 
cluster beams, for example Agy clusters can be deposited on a graphite substrate 
where N can be carefully controlled and ranges up to a maximum value of a few 
hundred [1, 2]. Gold clusters on surfaces have also been investigated [3, 4]. One of their 
applications is to form sites at which proteins or other organic molecules can bind 
suggesting the possibility of their use as nanoscale biosensors. In addition to Au and 
Ag, Ni clusters are also important since they have magnetic properties [5, 6], so there 
are a whole range of different metal nanoclusters on a substrate which have potentially 
interesting applications [4-12]. 

If the size-selected (i.e. specially chosen value of N) nanoclusters are projected to- 
wards the surface with a certain energy, then different energy deposition regimes result 
in different interaction processes between the cluster and the substrate. Depending on 
the energy, the clusters can soft-land and diffuse, pin on the surface or implant be- 
neath. Experimental work linked to molecular dynamics (MD) computer simulations 
investigating metal clusters on graphite has shown that the clusters pin on the surface 
if a certain energy threshold Ep is surpassed [7, 8, 13]. Below Ep the clusters diffuse 
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across the surface with high mobility and aggregate at defects. If the energy is in- 
creased further above Ep then the clusters implant below the surface [9-11]. 

Theoretical methods can be used to predict many of the experimentally observed 
features of cluster interactions with surfaces. This is not just important from a fun- 
damental physics point of view but is also useful in helping to design nanostructures 
with certain prespecified properties. In addition, the atomistic simulations can be 
invoked to derive general principles which can be used as a guide in the design of 
experiments or the manufacture of nanocluster arrays. In this chapter, we discuss what 
has so far been achieved by atomistic computer simulation and where such methods 
might be further developed in the future. These ideas will be used to describe the 
physics of what happens during the energetic collision of the clusters with the surface 
as the energy of impact of the clusters with the surface increases. We will not discuss in 
depth the long-time diffusive processes that can occur after this initial energetic phase. 
In all cases, the substrate that will be used in the model will be graphite. 

In order to be able to understand the cluster-surface interactions, we will first 
consider the bonding of small clusters to the graphite surface. This will be investigated 
by using ab initio calculations to determine bond strengths and atomic arrangements 
and also as a guide to parameterising classical potentials for use with larger-scale 
simulations. Such ab initio methods are very computationally intensive and limited so 
far to small systems. After this, classical dynamics potential functions will be de- 
scribed. The determination of the geometry of the clusters before impact with the 
surface will then be examined using these potentials. It will be shown that for this 
problem a genetic algorithm (GA) outperforms many other global optimisation algo- 
rithms for calculating the minimum energy (i.e. the most stable) configurations. Next, 
classical MD simulations will investigate the energetic interactions themselves. With 
this combination of approaches the whole energy regime can be investigated from soft 
landings where the cluster either sits on the surface or diffuses across, to the disin- 
tegration and implantation of the cluster below the surface as the impact energy of the 
cluster increases further. Finally, we discuss future prospects for this work and where 
the gaps can be filled to provide a complete theoretical understanding of cluster— 
surface interactions from the formation of the cluster through to the construction of 
nanostructured cluster arrays. 

The work carried out to date is not a complete story and there are inevitably some 
gaps. Ab initio calculations are typically only possible with systems of the size of 
100-200 atoms and only a few graphite layers, which means that the bonding ar- 
rangements of only small clusters can be determined. We consider here using ab initio 
methods for the bonding of metal clusters containing a maximum of five atoms to 
graphite although current computing power is such that as we write larger systems 
with clusters containing seven or more atoms can be considered. For application 
purposes, the work becomes more useful when cluster sizes are bigger than this, and 
impacts with clusters ranging from seven atoms up to a few hundred have been 
investigated experimentally. However, it is also important in studying the bonding of 
very small clusters to understand the basic physics and chemistry involved. The MD 
simulations are carried out on systems that are typically 1000 or more times larger 
than those considered in the ab initio study and with clusters that are the same size as 
those used in experiments. The interaction potentials used in the MD modelling do not 
always give results that agree with the ab initio predictions for the bonding 
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arrangements and even the MD simulations described here only examine the collis- 
ional phase of the interaction of the cluster with the substrate and do not consider the 
diffusive processes responsible for the long-time evolution of the clusters on the 
substrate. The collisional phase of the cluster-surface interactions is, however, well 
described. In addition, techniques are becoming available that will allow classical 
potential functions to be constructed that lie closer to the ab initio results. There are 
also other methods being developed that will allow the examination of the long-time 
evolution more easily. These are directions for future research in this field. Bearing 
these provisos in mind, there are still many useful examples where the modelling can 
help guide and explain experimental results. Modelling can be used to explain the 
bonding arrangements, experimentally observed pinning thresholds and implantation 
depths, deriving some general principles to help explain the cluster-substrate inter- 
actions in the different energy regimes. 


2. AB INITIO CALCULATIONS OF THE INTERACTION OF SMALL METAL 
CLUSTERS WITH GRAPHITE 


In this section, the bonding of Ag and Au adatoms and dimers to graphite is con- 
sidered using ab initio density functional theory (DFT) calculations. This is interesting 
not only to have a more accurate understanding of how the small clusters attach to the 
surfaces but also so that the calculations can be used to determine parameters for 
classical potential energy functions. Here we describe the application of DFT for small 
Au and Ag clusters bonded to graphite. 


2.1. Computational methodology 

All DFT calculations were carried out using the programme PLATO [14]. This is a 
DFT code in which the Kohn-Sham eigenvectors are expanded in numeric atomic-like 
orbitals with a finite range. Pseudopotentials (and the exchange and correlation func- 
tional) are taken from the relativistic, separable, dual-space Gaussian scheme of 
Hartwigsen et al. [15]. Integrals for orbital overlap, kinetic energy, one- and two-centre 
neutral potential terms, non-local pseudopotential and ion-ion interactions are cal- 
culated and tabulated prior to use and interpolated during calculations. All other 
integrals are calculated numerically on an atom-centred mesh. Forces are obtained by 
differentiation of the total energy. Careful effort is made in locating the optimised 
parameters for the orbitals. In order to obtain the correct triangular structure for an 
isolated Au; cluster, for example, orbitals from Au, Au" and Au^* should be in- 
cluded, supplemented by higher orbital angular momentum orbitals (resulting in a 
triple numeric plus polarisation basis set). The orbitals are forced to go to zero at a 
selected cut-off radius, the equivalent of confining the atom to a square well. In 
principle, there are three degrees of freedom available to optimise the orbitals; the 
charges on the ions, the cut-off radius and a smoothing distance. The charges are pre- 
defined and the smoothing distance is kept to the minimum value needed to have the 
orbitals and their derivatives go to zero smoothly at the cut-off radius. The cut-off 
radius is chosen so as to optimise the orbitals. The supercell for static optimisation 
contained a 4 x 4 x 1 primitive cell for adatoms, Au» and Au; and a 5 x 5 x 1 primitive 
cell for Aus and Aus to minimise the coupling between cells. A four-layer slab was 
used for atoms and dimers. For larger clusters, a two-atomic layer slab was employed. 
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In these cases, relative energies were unchanged by the addition of a third layer in the 
slab. All slabs were decorated with vacuum regions of 20a.u. above and below. The 
local density approximation (LDA) was used throughout. The LDA provides better 
agreement, with respect to experimental values, bond lengths and harmonic frequen- 
cies, while overestimating the bond energies. The generalised gradient approximation 
(GGA) results in the opposite behaviour. The true calculated parameters lie some- 
where between the LDA and GGA results. Both methods have difficulties in the 
description of weak interactions. The problem with the LDA is with the interlayer 
attraction in graphite, while the GGA underestimates the metal-adsorbate interaction. 
It is clear that issues are presented by either method, but since our conclusions involve 
relative results, the LDA is preferable since it provides a better adsorbate-graphite 
description. The energy and maximum force (in any direction) are converged to within 
0.00001 Ryd and 0.0005 Ryd/a,, where do is the Bohr radius, for optimisation. For 
further details of the calculations the reader is referred to Refs. [16-18]. 


2.2. The structure of small isolated Au clusters 

The structures for the small Au clusters are first calculated. For a gold dimer, PLATO 
returns a binding energy of 2.86eV and a bond length of 2.53 A, in good agreement 
with the experimental data of +2.61 eV and 2.47 A. The ab initio calculations show 
that the Auy minimum energy configurations for N = 3-6 are all planar in agreement 
with previous DFT results. Experimental results for these clusters, with the exception 
of the trimer, are not yet available. The DFT results are the structures shown on the 
left hand side of Fig. 1. The first non-planar structure is the symmetric seven-atom 
cluster. The structures shown on the right hand side of Fig. 1 are the minimum energy 
configurations calculated using a classical potential description. This potential will be 
described in more detail in the next section. The Au; and Au; clusters give the same 
minimum energy structure for both cases. The minimum energies for the structures are 
given in Table 1. The results highlight the inadequacies of the empirical potential for 
Au in that it both predicts too high cohesive energies for the very small clusters 
and also requires that the close-packed configurations have the lowest energy. The 
empirical silver potential used in this work represents the energetics better but still 
favours close-packed configurations. 


2.3. Bonding of the clusters to the surface 

Since the focus of this report is the interactions of adsorbates with surface, it is 
important that the calculations present a realistic prediction of the observed surface 
structure. The suitability of the PLATO formalism for graphite has been examined. 
The surface contraction, defined as the decrease in the distance between the top and 
second layers, was found to be 0.12 A, a value greater than the experimental result, 
0.05A. This discrepancy between computational and experimental results is attributed 
to the known DFT difficulty with weak interactions, such as the interlayer attraction 
in graphite. The layout of the atoms in the graphite surface along with a definition of 
the potential bonding sites is shown in Fig. 2. 

For all adsorbates, we have calculated the binding energy at various points along the 
path between a- and ß-sites along the (110) direction. The path is shown in Fig. 2. The 
adsorbate does not sit flat on the surface and the closest atom below the metal adatom 
is dragged slightly out of the surface by the binding. We distinguish here between the 
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Aus 


Aus 





Figure 1: The minimum energy configurations of the small Au clusters calculated using PLATO (left images) 
and classical potentials (right series of images). 


Table 1: Minimum energies Ey for the small Au clusters calculated by ab initio and classical potentials. 








Size Ab Initio (eV) Classical (eV) 
2 —2.86 —4.09 
3 —4.61 —7.26 
4 —8.01 —10.68 
5 —10.84 —13.89 
6 —14.63 —17.33 
7 —16.94 —20.45 
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<110> 
a-site OB-site B-site OH-site 
a-binding site B-binding site 
bridge hollow 
binding site binding site 


Figure 2: Layout of the graphite surface together with a description of the bonding sites considered for the 
adatom and dimer. 


binding energy and the adsorption energy, both of which are the same for the adatom 
but differ for the small clusters. For the dimer, for example, the binding energy, Ep, is 
calculated as the dissociative energy of the dimer from the surface, E(system) — 
E(graphite) — 2E(atom), while the explicit dimer adsorption energy, Ea, is given as 
E(system) — E(graphite) — E(isolated dimer). The latter quantity assumes that the 
dimer bond energy on the surface is identical to its value in the gas phase. In Table 2, 
we focus on Ex values. 

Results in Table 2 show that the B-sites are slightly preferred for both Ag and Au 
adatoms, but the differences in binding energy between various sites are not signifi- 
cant. The energy difference between the ß-site and the over-hole (OH) site, the least 
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Table 2: Adsorption energies of the small Ag and Au clusters with the graphite surface along (110). 


Site Au Atom (eV) Au Dimer (eV) Au Trimer (eV) Au Tetramer (eV) Ag Atom (eV) Ag Dimer (eV) 





a 0.662 1.129 1.32 1.28 0.430 0.513 
p 0.674 1.137 1.36 1.32 0.439 0.511 
Bridge (OB) 0.654 1.154 1.36 1.32 0.434 0.523 
Hollow (OH) 0.512 0.919 1.21 0.97 0.392 0.552 





The lowest-energy gold dimer position is when the dimer axis is aligned near to the surface normal. The results for the Au 
trimer and tetramer are for vertically oriented planar clusters which are the lowest-energy configurations with the exception 
of the «-site for the Au trimer. In this case, a configuration with the trimer parallel to the surface is 0.02 eV more favourable 
at 1.34eV [18]. The heights of the metal above the surface is 2.53 and 2.61 A for the Ag adatom and dimer, respectively. The 
Au clusters vary in height between 2.79 A for Au; and 2.31 Å for Aug. 


well bound of the binding sites, is only 0.05eV for Ag and 0.16eV for Au. This 
indicates that the energy landscape for the adatoms on the graphite surface is very flat. 
Such low barriers are an indication that diffusion over the surface would readily occur. 
The binding energies for the Au adatom and the dimer and the energy differences 
between the sites are larger than for the corresponding Ag values indicating that the 
gold adatoms and dimers are slightly less mobile than the silver ones [16]. Nonetheless, 
assuming a typical attempt frequency of 10? for surface processes, the bonding energy 
differences between the various sites along the (110) direction would indicate a hop 
time of around 107'°sec. This is inconsistent with the experimental results which 
indicate a longer hop time of a few minutes [19] suggesting a larger energy barrier 
between sites. This is therefore an area for future clarification. 

Seven different configurations of silver dimers adsorbed on graphite were studied. 
Table 2 shows that the most favoured site is in agreement with the adatom case, since 
for the adsorption at the site labeled ‘over-hollow’, the centre of a dimer bond is 
situated at that point and the two silver atoms lie close to one a- and one f-site each. 
The dimer adsorption energy for all sites is approximately 0.5 eV. The surface binding 
energy per atom is approximately 0.25eV, less than that for single adatoms. The 
maximum energy difference between possible binding sites is even smaller than that for 
the adatom sites. This implies that the dimers should be at least as mobile over the 
graphite surface as the adatoms. Experimentally, the observation of dimers was a rare 
event, which is consistent with a mobile adsorbed species that is almost free to move 
over the surface and eventually aggregates into the experimentally observed islands. 
When compared with single adatoms, dimers reside at a higher distance above the 
surface (22.6 vs. z 3.0 A, for atoms and dimers, respectively, at B-binding sites). The 
two atoms of Ag, are not at the same height if they encounter different surroundings, 
as they generally do. The top layer of graphite 1s deformed to some extent by the 
adsorption process, but the second layer of the graphite is seldom disturbed at all. For 
the Au adatoms on graphite, the results indicate that, energetically, D-binding sites are 
the most favoured and hollow sites are the least favoured binding positions. This is in 
agreement with the scanning tunnelling microscope (STM) observation [19] that a gold 
adatom was typically located near a ß-site and never observed over a hollow. While 
the energy differences among the «-, B- and bridge sites are small, the hollow site is 
significantly less favoured. The binding energies for gold adatoms are systematically 
larger than those for silver adatoms. The energy differences along this direction of the 
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surface are also greater for gold than for silver atoms. Decreased mobility was ob- 
served in the STM for gold, relative to silver adatoms [11]. Two other differences 
between silver and gold adatoms are computationally observed. Gold atoms are neg- 
atively charged when bound at any site, whereas silver adatoms are positively charged. 
Larger surface deformation in the region close to the metal adatom is induced by gold 
in comparison to silver. 

PLATO has also been applied to the adsorption of gold dimers on the graphite 
surface. Binding configurations of a dimer initially oriented parallel to the surface, 
analogous to the silver dimer clusters, were studied. The most energetically favoured 
parallel case locates the two gold atoms close to one a- and one f-site, in agreement 
with the adatom results indicating a slight preference for over-atom binding sites. 
When compared to gold adatoms, dimers bind at a higher distance above the surface 
(22.5 vs. 22.8 A, for atoms and dimers, respectively, at B-binding sites). Since the 
two atoms encounter different surroundings, they are not necessarily expected to be 
located at the same height. Dimers over ao- and ß-sites feature a significant angle (see 
Fig. 3), while dimers for other binding sites are nearly parallel to the surface plane. 


seh 


N 


(a) b 


2.515À 


" ain. dae d 


Figure 3: Two positions of the Au dimer on the graphite surface: (a) the Au dimer over an «-site and (b) the 
Au dimer over the bridge site. 
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The bond length of the dimers does not significantly vary with binding site. This 
implies that the internal interaction in the dimers is stronger than the dimer-surface 
interaction. This is also implied from the definition of adsorption energy of the dimer 
which is less than the sum of the binding energy for two single atoms. 

The gold dimer may alternatively be oriented with the internuclear axis perpendic- 
ular, or nearly so, to the graphite surface (as shown in Fig. 3). The adsorption energies, 
calculated as EA, are systematically larger than those for the parallel cases. At all 
binding sites, the optimised dimers are nearly perpendicular to the surface. A dimer 
over a hollow site is not stable and 1s expected to relax quickly to a position over one 
of the other three sites. One may draw the energy landscape of perpendicular dimers 
along the (110) direction. This landscape indicates that the dimer should be more 
mobile than the adatom. Relativistic effects could be a factor in the gold dimer pre- 
ference for perpendicular orientations. 

The interesting binding predicted for the adatoms and dimers of gold and silver 
points to consideration of larger clusters on the graphite surface. Energetics and con- 
figurations on graphite surfaces for Auy (N = 3-5) were investigated using the density 
functional approach previously described. Isolated gold trimers have shown a small 
and energetically almost insignificant (50 meV) computational preference for triangu- 
lar, Dan, rather than linear, Doon, configurations in good agreement with the reported 
experimental results. The small difference in the energies of the two conformers, 
however, could easily be affected by the interaction of an adsorbed trimer with the 
surface. Both triangular and linear forms were optimised first in an orientation parallel 
to the surface. The trimers and the surface were allowed to relax simultaneously during 
the structural optimisation. It was found that, contrary to the isolated trimers, the 
parallel, linear configurations consistently and regardless of the specific type of bind- 
ing site, had significantly greater surface adsorption energy (1.35eV) in comparison 
with parallel triangular structures (0.92 eV). The optimised over B-binding site struc- 
ture shown in Figure 4 is an example of the results from this set of calculations. The 
starting geometry provided Au-Au bonds with a bond length equal to the surface 
lattice distance, but the optimisation resulted in changes so that the final bond length 
is much closer to that found in the isolated trimer. This relaxation was an indication 
that the gold-gold interaction was greater than the gold-graphite interaction. The 
gold trimers induced a surface polarisation and surface deformation. Gold atoms over 
B-sites drag up the underneath and nearby carbon atoms, but gold atoms over hollow 
or o-sites tend to depress the surface. The carbon atoms were displaced as much as 
0.05 A in height, but in-plane motion was limited to less than one-tenth of that. 

Each gold atom in the linear cases was initially set over carbon atoms at the same 
height above the surface, but the unconstrained optimisation resulted in distortion of 
the linear shape. The final vertex angles for the cases of over adjacent B- and «-sites 
were 161° and 167°, respectively (see Fig. 4). The terminal gold atoms were closer to 
the surface and acquired a greater negative charge (-0.19e) than the central atoms 
(—0.10e). An optimisation involving an isosceles triangle geometry parallel to the 
surface was also attempted. During optimisation, the central gold atom had much 
greater range of motion than the terminal atoms and the trimer tended to evolve 
slowly to the nearly linear case with atoms over all B-sites. The motion of the gold 
atoms was along —C-C- bonds. The final energy of the system was nearly identical to 
that of the parallel, linear case. We noted earlier that gold dimers preferred a normal 
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Figure 4: Two positions of the Au trimer on the graphite surface: (a) the linear trimer over a B-site and 
(b) the triangular trimer located initially over the ß-site. 


(to the surface) orientation. This result led to a test of such vertical orientations for the 
gold trimers. Figure 4 shows one such conformation over a f--site for a triangular gold 
trimer. With the exception of the unstable over-hollow site conformation, the ad- 
sorption energies for these orientations were approximately identical to those for the 
parallel linear cases. The carbon atom directly below the gold was significantly raised 
above the surface. 

The similarities among the adsorption energies for the trimer configurations re- 
flected the fact that the internal interactions of gold clusters dominated the metal- 
surface interaction. However, the insignificant difference between the linear and 
triangular geometry for an isolated cluster, 0.05eV, and the nearly 0.4eV energy 
differences observed on the surface indicated that, even though small, the cluster— 
surface interaction was important. This small cluster-surface interaction directed both 
the cluster geometry and the orientation of the cluster on the surface. The effect 
observed for the trimer on graphite points out the need for high accuracy methods in 
cluster-surface calculations. 

The cluster movement from one binding site to another may be thought of as 
occurring through movement of the gold atoms along C-C bonds. There is some 
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literature precedent for vertically oriented clusters. Au, was previously reported to 
prefer a vertical orientation on the TiO,(101) surface. On TiO;(10 1), the trimer 
adsorption involved two gold atoms and two surface oxygen atoms. This difference in 
the two adsorption structures is most certainly reflective of the different structural and 
electronic properties of the surfaces. Graphite surfaces are flat and involve covalently 
bonded atoms, while TiO5(10 1) is ionic and the oxygen atoms protrude from the 
surface. 

Moving on to Aug, a single linear configuration was examined, because the ad- 
sorption energy for the linear conformer was significantly smaller (0.4 vs. 1.3 eV) than 
for non-linear cases; a reflection of the relative importance of the gold-gold vs. the 
gold-graphite interaction. The linear geometry was also unfavourable for isolated 
clusters. A square conformer of Aug, oriented parallel to the surface had the smallest 
binding energy of all of the geometries examined. The preferred cluster geometry, as 
observed in the isolated cluster and shown in Fig. 5, was based on a rhomboid or 
diamond structure. This geometry supports a central gold-gold bond, allowing greater 
stability in comparison to the other possible structures. The data indicated that a 
vertical orientation of the diamond-shaped tetramer was preferred over a parallel 
configuration, but to a lesser extent than in the case of the trimers. The repulsive Pauli 
interaction for a parallel tetramer is greater than that for a vertically oriented molecule 
and the energy released upon binding to the surface is not sufficient to overcome this 
repulsion in the parallel case. This effect caused the tetramer in the parallel configu- 
ration to lie a considerably greater distance from the surface than for the vertical 
structure. 

The optimised tetramer structure over a B-site on the graphite surface is shown in 
Fig. 5. These adsorbed tetramers had a stable planar structure, slightly distorted from 
that of the isolated cluster. The inner bond was approximately 12° from the normal to 
the surface. The carbon atom directly below the cluster was deformed away from the 
surface and was significantly negatively charged. For the deposited tetramers, the two 
bonds closest to the surface were elongated (2.70 and 2.74 A), while the bonds distant 





Figure 5: The position of the Au tetramer on the graphite surface initially over a ß-site. 
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from the surfaces were contracted (2.66 and 2.65 A). The closest gold atom was 2.31 A 
above the surface. For a diamond-shaped Au, cluster oriented parallel to the surface, 
the four atoms do not remain in a plane; the terminal atoms were slightly raised from 
planarity. In this case, the Au, cluster depressed the surface. The inner bond was 
relatively shorter than the others. Here, the two terminal atoms were closer to the 
surface; the two carbon atoms below were raised above the surface and the central 
bond, parallel to surface, was longer than the terminal bonds by 0.15À. 

Three cases of adsorbed gold pentamers were optimised. Preliminary testing indi- 
cated that vertical orientations were disfavoured; the results focussed on parallel 
orientations of the pentamer. When the planar pentamer was deposited so that all of 
the gold atoms were approximately over ß-sites, the minimum energy was attained (see 
Fig. 6). This optimised structure maximises the number of metal-metal bonds and 
leads to greater stabilisation of the molecule. The nearly over B-sites orientation was 
approximately isoenergetic (within 80 meV) with that in which the gold atoms were 
nearly above a-sites. The direct interaction with the carbon atoms appears to be 
maximised by either configuration. 

When the cluster interacted with the surface, the planar geometry of the Aus mole- 
cule was distorted. The centre atom remained at a greater distance from the surface 
than the remainder of the cluster. The bond lengths of the deposited pentamer were 
only slightly distorted from those of the free molecule. This pyramidal structure was a 
local minimum for isolated pentamers. The result that the parallel pentamer config- 
urations were more stable than vertical orientations is consistent with the trend that 
was observed for smaller clusters. The preference for a vertical arrangement is strong- 
est for dimers and decreases as the cluster size increases to Auy. The increased number 
of gold-graphite interactions provides sufficient energy to overcome the Pauli repul- 
sion at the surface. A square pyramidal structure was approximately 0.6eV higher in 
energy. 

In summary, therefore, we have performed a detailed investigation of the bonding 
arrangements of small clusters on graphite. There is some agreement with the limited 
experimental work in the literature but for application purposes larger clusters need to 
be studied. Expanding computational power will soon allow the investigation of larger 
clusters using ab initio methods, thus allowing a closer link to the applications. In the 





Figure 6: The position of the Au plane pentamer on the graphite surface initially over a ß-site. 
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meantime, larger-scale dynamical simulations have been carried out using classical 
potentials and this work is now described in the following sections. 


3. INTERACTION POTENTIALS 


To model the energetic interaction of the metal atoms with graphite, classical potential 
energy functions are required as ab initio calculations are not yet feasible with current 
computing power for the number of atoms required to model keV cluster interactions 
with graphite. We used the same type of parameterisation for all three metal atoms 
types in the study, i.e. Ag, Au and Ni. This was a many-body embedded-atom po- 
tential function developed by Ackland et al. [20] and fit to bulk metal structures and 
not to close nuclear interactions. As a result, we splined the metal-metal potential to 
the two-body Ziegler-Biersack-Littmark (ZBL) screened Coulomb potential [21] for 
high interaction energies so that for small interatomic separation the potential was 
entirely determined by the ZBL part. The splining function was taken as an expo- 
nential of a cubic so that the potential and the forces are continuous at the splining 
points. The covalent C-C interaction for the graphite substrate was modelled by a 
many-body Brenner [22, 23] potential, also splined in the same way to the ZBL po- 
tential, while an additional long-range Lennard-Jones potential [24] between atoms 
that are not linked through a series of covalent bonds was employed to take into 
account the van der Waals interaction between graphite layers. This means that no 
two atoms in the same graphite layer interact through van der Waals forces. 

The Ag-C, Au-C and Ni-C interactions were modelled by a pairwise Morse in- 
teraction potential. For Ag and Au, this potential was fitted so that the binding energy 
of atoms to the surface was as close as possible to that determined by the ab initio 
calculations described in the previous section. For the Ni-C interactions no ab initio 
calculations have been carried out and so the same pairwise Morse form for the 
bonding of the Ni atoms to the surface was chosen as for the Au atoms. As with the 
metal-metal interactions, splining to the ZBL potential was carried out so that close 
encounters could be more accurately simulated. The parameters for the Morse func- 
tions are given in Ref. [6]. Some earlier work used another potential to model Ag-C 
interactions [7] but the ab initio calculations found that this previous parameterisation 
overestimated the binding energy of the Ag adatom and dimer by about a factor of 2. 
Such an increase in the binding energy was found slightly to reduce the pinning 
threshold of clusters. 

Although the parameters for the metal-carbon interactions were chosen as closely 
as possible to fit the ab initio binding energies, it is not possible to do this exactly 
with a pair potential and there are consequently some differences in the behaviour. 
The Ackland metal potentials also predict different behaviour in some cases. Two of 
these differences are highlighted here and have the same origin in that both the 
Ackland metal potentials and the Morse metal-carbon potentials are such that they 
prefer the atoms to arrange themselves in a close-packed formation. As already 
discussed, Fig. 1 shows that the ab initio minimum energy configurations for Auy, 
N = 4—6 are all planar, whereas the Ackland potential gives three-dimensional struc- 
tures. The cluster containing seven atoms has the same configuration for both and 
consists of five atoms arranged in a regular pentagonal structure with the other two 
atoms placed symmetrically above and below the pentagon. All faces of the seven 
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atom polyhedron are equilateral triangles. Although ab initio calculations for larger 
structures have not been carried out by us, it would be expected that the geometries 
determined by both approaches would be in better agreement as the cluster geo- 
metries become closer to the bulk configuration. Although the Ackland Au potential 
overestimates the binding energy of the clusters compared to ab initio calculations, 
the Ag potential gives values that lie much closer. For example, the Au dimer cal- 
culated using PLATO gives a binding energy of 2.86eV and a bond length of 2.53 A, 
whereas the Ackland potential gives 4.09 eV and 2.83 A, respectively. For Ag PLATO 
gives 2.48 eV and 2.53 A, whereas Ackland gives 2.53eV and 2.52 A with much better 
agreement. 

Another illustration of the difference between the ab initio calculations and those 
from the empirical potential comes from the position of the adatom on the surface. To 
determine the interaction potential for the metal-C interactions, it was necessary to fit 
the Morse parameters in an appropriate way; however, it was not possible to capture 
all of the complete details of the interaction. It was possible to match the optimum 
height above the graphite surface for the adatom but for both Ag and Au the pair 
potential gave the over-hole site as the preferred minimum configuration rather than 
the B-site predicted by the ab initio calculations. The bridge site was also marginally 
preferred to the ß-site. In both cases, this is as a result of the pair potential preferring 
the atom to attain the close-packed structure. 


4. THE DETERMINATION OF CLUSTER GEOMETRIES 


It would be expected that the structural arrangement of the atoms that make up a size- 
selected cluster should depend on the physical process by which the clusters are 
formed. There are many examples where the preparation conditions have a pro- 
nounced influence on the size of the cluster or molecule that forms during the con- 
densation process or the form of the crystal structure for bulk materials, where, for 
example, rapidly quenched materials can take a different structure than materials 
quenched over longer times. In most of the experiments carried out in conjunction 
with our theoretical investigation, the clusters were formed by the condensation of 
ions and atoms sputtered from a silver target which condense by collision with inert 
gas atoms. Nucleation ceases after passage through a nozzle [8]. Size selection was 
carried out by the differential deflection of the charged clusters containing different 
numbers of atoms, in an electric field. The condensation process in the nozzle is 
complex and occurs over time scales that are much longer than those of atomic 
vibrations. Even assuming a good model for the force fields between all the objects 
involved in the condensation process, the integration time step for the dynamical 
system that represents the interactions is so small in comparison to the condensation 
time that a model of this process is not used. Instead, we assume that the clusters 
containing N atoms arrange themselves in the structure corresponding to their min- 
imum energy configuration. Once the energy of interaction between the particles is 
known, the problem of determining the cluster structure is reduced to that of a global 
optimisation problem, i.e. determine the coordinates in space of the N atoms that 
minimise the interaction energy of the N atoms. This is a problem with 3N — 6 degrees 
of freedom. (The —6 comes from the fact that the first atom can be fixed at the origin, 
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the second can be arranged along one of the cartesian coordinate axes and the third 
atom can be restricted to lie in the plane of the other 2.) 

A recent investigation [25] has compared a number of different global optimisation 
algorithms for determining these minimum energy structures. The algorithms con- 
sidered are multilevel single linkage (MSL) [26], topographical multilevel single link- 
age (TMSL) [27], topographical differential evolution (TDE) [28] and a genetic 
algorithm (GA) [29]. All are iteration (or generation)-based algorithms. Of these 
algorithms, MSL and TMSL have a similar algorithmic structure. They generate 
random points from the search space per iteration. On the other hand, TDE and GA 
do not generate random points per iteration. They maintain a set (population set) of 
candidate solutions (points in the search space), the size of which does not vary with 
iteration. They are known as population-based algorithms. Although they do not 
generate random points per iteration, they create new points, known as the children, 
using some genetic operators such as crossover and mutation. Newly created children 
in an iteration replace bad parents (bad candidate solutions) in the population set. 
Initial points in the population set are generated randomly within the search space. In 
all the test cases, the GA outperformed the other algorithms both in terms of the 
function evaluations required to determine the minimum energy structure and in the 
value of the minimum energy. The GA is described in detail in Refs. [25, 29]. Ba- 
sically, to determine the minimum energy configuration of N atoms, it involves taking 
a parent population of M random arrangements of the N atoms, cutting each in two, 
randomly exchanging the halves and relaxing the produced child structures using a 
quasi-Newton method. Occasionally, a mutation is introduced. The best from the 
population of the parent and child structures are maintained and the process re- 
peated. The advantage of the GA compared to a black box global optimisation 
approach is that it is physically based and uses the idea that an already existing 
cluster of atoms can be rearranged with knowledge of the configurations of other 
clusters. This evolution strategy, together with the relatively small number of can- 
didate clusters required, gives it a considerable advantage over the MSL and TDE 
methods. 

The convergence of the GA is only partially dependent on the symmetry of the 
cluster. For example, one might expect that symmetric clusters would be determined 
quickly by the GA compared to non-symmetric clusters. This is in fact only partially 
the case. Numerical experiments carried out for Ag clusters with atoms ranging from 
35 to 40 show that the number of generations required to determine the minimum 
energy structure for the symmetric (the outer surface of 38-atom cluster takes the 
shape of a truncated octahedron) 38-atom cluster 1s not out of line with its neighbours. 
The results are shown in Table 3. Figure 7 shows the structure of the 38-atom cluster 
after one generation of the GA and its final optimised truncated octahedron structure. 
Although with any optimisation algorithm, one can never be certain that the global 
optimum has been reached, the minimum energy values given in Table 3 are in line 
with what would be expected. It is worth noting that because of the large number of 
nearby local minima that the convergence requires a large number of generations to 
fine-tune. For example, for the 40-atom cluster an energy value of -100.27eV was 
obtained after 486 generations of the algorithm. It took a further 641 generations to 
reduce the energy by 0.02eV to the final value. 
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Table 3: Minimum energies of Ag clusters with sizes close to the 38 atom symmetric configuration, 
calculated using the Ackland potential. 





Number of Atoms in Cluster 








35 36 37 38 39 40 
Number of iterations to convergence 118 384 811 487 709 1127 
Cluster potential energy (—eV) 86.70 89.55 92.34 95.40 97.78 100.29 
Energy per atom (—eV) 2.477 2.488 2.496 2.510 2.507 2.507 





The GA was run for 1500 generations and the generation number for which the final lowest energy value was obtained is 
given in the second row. The population size was 40 and the initial population was generated by randomly arranging 40 sets 
of atoms in a cube of side 11 A. Note that the energy per atom for the symmetric 38-atom cluster is larger in magnitude than 
for the adjacent clusters. 
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Figure 7: (a) The geometry of the lowest-energy 38-atom cluster in the population after one generation of the 
GA starting from 30 random arrangements of atoms in space. (b) The final truncated octahedron structure 
after 487 generations. 


5. MOLECULAR DYNAMICS METHODOLOGY 


MD simulations were carried out first to determine the pinning thresholds of the 
clusters on the surface and then as the energy of impact is increased to determine their 
implantation depths. To model the dynamic interaction of a cluster with the substrate, 
the cluster was first placed above the substrate outside the potential interaction range. 
The internal kinetic energy of the cluster could be varied but most simulations were 
carried out with internal kinetic energy before impact corresponding to a temperature 
of 300 K. MD simulations are always a compromise between speed of the calculation 
and the choice of a realistic system size or integration time. Numerical experiments are 
therefore carried out to determine an optimal substrate size to use in the simulations 
and the length of time for which the collision process is followed. It was found by 
numerical experiment that pinning thresholds could be determined without influence 
of the boundary conditions if a system of size 180 A x 180 À with nine graphite layers 
was chosen [6]. This size was found to be sufficient for modelling the impact of clusters 


Structure and dynamics of metal nanoclusters deposited on graphite 605 


containing up to 200 atoms impacting with an energy up to 2.5 keV in that increasing 
the numbers of atoms beyond this did not change the calculated pinning thresholds. 
The carbon atoms at the vertical edges were fixed and adjacent atoms undergo a 
damped force to prevent lattice displacement waves reflecting back into the impact 
zone. These waves are quite strong and can displace the surface layers by several A. 
They propagate in a hexagonal manner from the impact point [30] and can affect the 
pinning of the cluster if the reflected waves are strong. Such clearly visible surface 
ripples only occur in layered structures such as graphite. To determine the implan- 
tation depths of the clusters whose impact energy varies up to 5 keV, it was necessary 
to increase the depth of the target to 16 layers and to save on computing time the area 
of the target was less than that used for the pinning thresholds [11]. The collisional 
process was typically followed for up to 10 psec. For both the pinning and the im- 
plantation calculations, integration was carried out using a variable time-step [31] 
which increases as the maximum kinetic energy of any particle in the collision de- 
creases. Some simulations were followed for up to 12 psec to check that collisional 
process was truly over. Atomic motion can certainly occur after this time but this is as 
a result of diffusive rather than collisional processes. 


6. PINNING CLUSTERS ON SURFACES 


Arrays of size-selected clusters on surfaces have many applications and one way to 
accomplish the deposition of such arrays is by direct use of an energetic cluster beam 
rather than by chemical methods. If such a cluster beam is used then it is important to 
know the physics of how the interaction takes place. The ab initio calculations for the 
small metal clusters have shown that whereas the binding energy of the clusters to the 
surface (see Table 2) is sufficient to prevent most clusters from 'evaporating' at room 
temperature, the energy barriers for diffusion across the surface are very small. Un- 
pinned clusters would diffuse at room temperature and eventually find defects in the 
surface to which they would bind. Thus, if the energy of the beam is sufficient to 
induce a surface defect but not so large as to destroy the cluster, then pinning would 
occur. A key aspect then is to determine what the energy threshold Ep is for pinning 
the clusters. 

The metal clusters under consideration are all comprised of atoms from metals that 
adopt the fcc close-packed structure in the bulk, namely Ag, Ni and Au, so that the 
main difference in the energetic interactions ought to be as a result of the different 
cluster masses. In order to determine the pinning thresholds, for each cluster size, the 
cluster energy was increased in steps of 25 eV until a permanent defect in the substrate 
was observed. Only one cluster orientation and impact point was considered in gene- 
rating the results since test calculations showed that the effect of impact point and 
orientation for large clusters affected the results by at most +25eV. Because the 
calculations were only carried out in increments of 25 eV, a finer uncertainty cannot be 
determined without further calculations. 

Since the atomic spacing for Ag and Au atoms is similar, the main differences 
between the computed results for Ag and Au should be due mostly to the different 
masses of the impacting clusters. The mass ratio between Ni and Ag is similar to that 
between Ag and Au, so differences between the Ni and Ag results compared to the Ag 
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Figure 8: The pinning energy thresholds for Au (dark symbols), Ag (open symbols) and Ni (grey symbols) 
clusters. The square symbols are the experimental results and the triangles the MD. There is an uncertainty 
of about +25eV in the MD results dependent on the precise impact point and cluster orientation. 


and Au data should be due to the different cluster sizes. All simulations were for 
normally incident clusters. 

The level of agreement between the experimental pinning thresholds obtained from 
STM after deposition at different energies and those obtained from the MD simu- 
lations, as shown in Fig. 8, is remarkably good overall. Generally, there is also a slight 
over-prediction of the value of Ep compared to experiment. Although the curves are 
shown as passing through the origin, it is meaningless to consider very small clusters 
since for one to three atoms the impact point becomes important and it is then 
necessary to run a representative set of trajectories to determine average behaviour. In 
fact, pinning in the surface for small clusters, from M = 1 to «5, becomes a less 
common occurrence than implantation beneath (if the energy is too large), reflection 
or entrapment in the surface binding potential without pinning (for smaller energies). 

The simulations also show a variety of detailed atomic processes leading to the 
formation of a surface defect and hence the pinning of the cluster. One mechanism is 
when at least one C atom in surface layer under the cluster is knocked into an in- 
terstitial position between the first and second layers and replaced by a cluster atom 
[7]. Although this is a common mechanism, some other mechanisms were also ob- 
served. In some cases, a first layer C atom could be knocked into an adatom position 
above the surface. In another example, a cluster atom could become trapped between 
the first two graphite layers which themselves remained broadly intact. A final mecha- 
nism involves the formation of a ‘crease’ in the surface where two or more surface C 
atoms begin to form bonds with corresponding second layer atoms while retaining 
their first layer neighbours. The length of the bond between atoms in the first layer and 
second layer is longer than that between those in the first layer at around 2A, so this 
appears to be an intermediate stage towards an sp’-bonded configuration induced by 
the local momentum transfer to the substrate. 
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It is interesting to examine in detail the energy required to induce these processes. As 
a background, the formation energy of a vacancy in graphite, Eyr, has been deter- 
mined experimentally as about 7.0eV [32]. Reported values of the interstitial forma- 
tion energy are somewhat smaller, lying between 5.5 and 7.0eV [33]. However, the 
amount of energy required to be imparted to a stationary C atom in a lattice at rest, to 
remove it permanently from its lattice site (the displacement energy threshold Ep) is 
33 eV [24]. 


6.1. A simple model for the pinning thresholds 
A simple relationship for the pinning thresholds as a function of cluster size can be 
determined based on a binary elastic collision model, treating the impacting cluster as 
a single object. If we assume that, at the moment of impact, we have a ‘heavy’ body 
(the cluster) colliding with a light body (the recoil carbon atoms in the top layer that lie 
under the cluster), then from conservation of energy and momentum for an elastic 
collision, the energy transferred to the recoil carbon atoms, Er,, is given by 

Er, dE () 

Clus 

where Mc is the mass of the carbon atom, Nc the number of carbon atoms set into 
motion by the impact and Mc, the mass of the cluster atoms. If a certain value of Er, 
is to be surpassed before a C atom displaces, then Ep can be determined. The original 
assumption was that only one C atom was set in motion [5, 8], so that Nc — 1 and then 
Epoc N. 

However, analysis of the MD simulations shows that the cluster sets in motion a 
number of atoms simultaneously so if we assume the worst case that these are all 
atoms in the first layer lying under the cluster, then N.x N?? and then EyzmN 15 We 
might, therefore, expect a dependence of Ep with N that was somewhere between these 
two extreme cases. 

A log plot of Ep against N gives Epoc N”, with s~0.6, for the Ag, Au and Ni data. 
This lies within the expected range of 1/3« s« 1. The above formula also predicts that 
Epo Mcjs when cluster atoms have the same atomic spacing. Since Au and Ag have 
approximately the same lattice constant, the proportionality should then hold. Indeed, 
if we consider the 55-atom cluster with the calculated values of Ep to be 600 [8] and 
1075eV for Ag and Au, respectively, the ratio of these threshold energies is 1.79, 
whereas the mass ratio is 1.84 which agrees very well. However, the pinning thresholds 
for Ni are only slightly less than those for Ag, despite the mass ratio being 1.83, almost 
the same as that between Au and Ag. In this case, the Ni lattice spacing is 14% smaller 
than for Ag, so that for Ni clusters the energy density deposited in the surface is more 
concentrated and fewer surface atoms are set in motion. The optimisation process 
shows that the Ni and Au clusters of equivalent size have the same morphology before 
impact. They also have similar cohesive energies so the differences between the values 
of Ep are mainly due to the smaller lattice constant for Ni and the heavier mass of the 
Au cluster. 

In order to determine the value of Er, from the simulations, the kinetic energy of the 
atoms in the graphite lattice was monitored so that a value for each atom could be 
determined. This shows that for the Au cluster impacts the maximum kinetic energy of 
a substrate C atom occurs between 100 and 200 fsec after the cluster impact with the 
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surface. The maximum kinetic energy transferred to an atom was found to vary 
between 4.75 and 6.25eV irrespective of cluster size in the range N — 7-100, but 
dependent on the impact position and orientation. These values are similar to the 
vacancy or interstitial formation energies reported above. Since, the MD simulations 
show that a number of atoms lying under the cluster are set in motion simultaneously. 
The result is that surface defects can form without an atom having to attain anything 
approaching the energy of Ep. 

The morphology of the Ni, Ag and Au deposited clusters, 10 psec after impact at 
energies corresponding to the pinning thresholds, is shown in Fig. 9. These simulations 
show that the Au clusters are more spread out after impact while the Ni clusters are 
more compact. The Ag clusters lie somewhat between. In fact some fragmentation of 
the Au clusters takes place. The small fragments are not pinned but trapped in the 
surface binding potential and would be expected to diffuse over the surface and re- 
combine because of small energy barriers. 

Although some caution is required in interpreting height data from experiment due 
to tip convolution, electronic and oxide effects, the heights of the clusters in the 
simulation are in general agreement with the ambient STM measurements obtained 
from sampling a range of clusters on the surface [5]. The measurements show that the 
most commonly observed cluster height for the Aus; cluster at 1.15 keV is that of a 
single adatom layer, whereas for a Ni5so cluster deposited at 1.8 keV, the most com- 
mon height is three layers above the surface. The images shown in Fig. 9 confirm the 
general observation that Ni clusters are higher whereas Au clusters are spread out. 





(d) 


Figure 9: Images of the pinned clusters on the graphite surface: (a) 55-atom Ni cluster, (b) 55-atom Ag 
cluster, (c) 55-atom Au cluster, (d) 100-atom Ni cluster, (e) 100-atom Ag cluster and (f) 100-atom Au cluster. 
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Both the Niss and Nijoo clusters are quite compact with up to four layers of Ni atoms 
whereas there are only a few second layer adatoms for the corresponding Au clusters. 

In summary, the pinning energy threshold Ep varies with cluster size scaling with N’, 
where 520.6. Comparison of different kinds of clusters indicates there is also a de- 
pendence of the pinning thresholds on the cluster mass with the heavier clusters 
requiring a larger energy to pin. The extra momentum required for the heavier clusters 
means that they are less compact after pinning and cover a bigger surface area than the 
lighter materials. This observation is in agreement with experiment STM measure- 
ments. 

The modelling is also consistent with other experimental observations. The binding 
energy for small clusters, calculated by ab initio methods, is very similar at different 
sites on the defect-free surface and it would be expected that the same would apply for 
larger clusters. Thus, unpinned clusters would be highly mobile and diffuse to surface 
defects. Below the threshold for pinning, STM images of large areas of the graphite 
surface show no clusters. 


7. LOW-ENERGY CLUSTER IMPLANTATION 


In addition to the manufacture of nanostructured cluster arrays on surfaces, cluster 
implantation beneath the surface also has potential application. Unlike implantation 
by single ions, in graphite clusters can create an open tunnel at the bottom of which lie 
the original cluster atoms [34, 35]. This could lead to catalytic applications with en- 
hanced thermal stability. In other cases, cluster beams could be used in silicon tech- 
nology for shallow implantation applications by reducing the spreading of a beam due 
to space charge effects [36]. In this section, we consider the fate of Agy clusters 
impacting at slightly higher energies than used for pinning so that the clusters implant 
below the surface. The energy range considered varies between ~0.5 and 15 keV de- 
pending on the cluster size. 

The implantation of Ag clusters into graphite is a good example of a case where 
theory can be used to guide experiment and even help refine the experimental tech- 
nique. To investigate experimentally the depths to which Ag; clusters implanted into 
graphite, a negative-ion beam source was used [10, 34]. The flux was chosen low 
enough so that pits caused by individual cluster impacts were separated sufficiently 
that they could be imaged in the STM. The depth of the pits was measured using the 
STM tip. However, the tip was too wide to fit into the hole and so an oxidising etching 
process was used initially at a temperature of 650° for times of up to 5 min, to increase 
the lateral width of the damaged region so that the tip could be inserted into the hole 
and the depth measured. Figure 10 shows the comparison between the MD simu- 
lations and the first experimental results for 5keV Ag; implantation at normal inci- 
dence into graphite. The experimental results measure the depth of the hole and the 
simulation results the position of the implanted ions. It can be seen from Fig. 10 that 
the most likely damage depth determined by MD is always about three monolayers 
deeper than the experimental results. Further experiments conducted by oxidation and 
annealing at different temperatures confirmed that the high temperature annealing 
induced a recovery in the damaged layers at the bottom of the hole where the ions had 
implanted. However, at the lower temperatures the oxidation process took a much 
longer time to complete. By using the results of the simulations we were able to 
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Figure 10: A comparison between the ‘raw’ experimental data and the predictions of the MD simulations for 
(a) 3keV Ag; impacts at normal incidence on graphite and (b) 5 keV. The shaded bars are the experimental 
data and the unshaded the MD results. 


determine that the peak depth of damage induced by the cluster before annealing 
could be determined from the experimental Gaussian depth profiles as corresponding 
to two standard deviations greater than the measured peak after annealing [11]. 

For a given energy, there is a difference in behaviour between the small clusters and 
the larger clusters as they pass through the graphite layers, since the smaller clusters 
travel much faster, see Figs. 11 and 12. It will be shown that this leads to different 
scaling laws where the implantation depth changes from a linear dependence on energy 
for large slow clusters to a linear dependence on velocity for small faster clusters. 
Figure 13 illustrates the slowing down process of both an Ag; and Agso incident 
normally with an energy of 5keV on graphite, in (a) the z velocity of the centre of 
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Figure 11: Snapshots of the position of the Ag; cluster as it implants into the graphite surface over the first 
0.5 psec of its trajectory. 


mass, v, (normal to the surface) of the cluster is plotted against the implantation depth 
z. The z coordinate is measured with respect to the first graphite layer. The diagram 
clearly shows that the cluster approaches the surface with a constant velocity before 
slowing down in such a manner that dv./dz = const, until the end of the range is 
reached. In Fig. 13b the kinetic energy K, associated with v. of the Agso cluster is 
plotted as a function of depth. In this case dK;/dz = const, until the end of the range. 
Figure 13c shows a comparison between the implantation depths of the Ag; cluster 
and the cluster velocity before impact. The upper abscissa value of 0.4 À fsec! cor- 
responds to an energy of about 6.3 keV. It can be seen that there is a linear dependence 
on implantation depth with cluster velocity over this energy range for the Ag; cluster. 
In Fig. 13d the implantation depth for the Agso cluster is plotted as a function of the 
initial energy of the cluster. Here, for small energies there is an approximately linear 
dependence of depth with energy, which changes to a dependence more akin to that 
for the Ag; cluster as the energy increases. 

This difference in behaviour can also be understood by comparing snapshots of 
cross-sections through the graphite substrate as the cluster penetrates. Figures 11 and 
12 compare these cross-sections for the case of an Ag; cluster incident at 5 keV 
(714.3 eV per atom) with the impact of a 200-atom cluster at 5 keV (25.0eV per atom). 
At the start of the implantation process, the Ag; cluster breaks through the first 
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Figure 12: Snapshots of the position of the Ag2oo cluster as it implants into the graphite surface over the first 
0.5 psec of its trajectory. 


graphite layer and reaches the next layer before any carbon atom sets in motion by the 
collision with the first layer. The Ag»oo cluster, on the other hand, first causes the 
graphite layer to bend rather than the cluster passing through and breaking bonds. It 
then pushes the carbon atoms in the graphite layer ahead of the cluster so that they 
interact with the next layer before the cluster atoms. It 1s this basic difference in 
the form of the collision cascade that leads in the first case to the linear decrease in the 
cluster velocity with depth and in the second case to a constant stopping power for 
the cluster. 

The regime where the implantation depth is proportional to the energy is valid for 
clusters of size 20-200 and energies up to about 100eV per atom. This is shown in 
Figure 14. Although the linear dependence with impact energy is apparent for each 


Structure and dynamics of metal nanoclusters deposited on graphite 613 























0.4 
> 
=” = 
> Ww 
< Y 
È 0.2 > 
Oo c 
D o 
E c 
H & 
0.1 E 
9 
N 
0 N 
-10 0 10 20 30 
(a) Implantation Depth (À) (b) 
40 S + 3 e a a , 
< 30} © Experiments for Ag7 Bs F 1 
r= --e-- MD simulations Pad 
= * 
| e | 
Â 20 ei 
S QUÉ 
S s 
= 10 Ce 
bal » 
z e P 
S E 
a " 
S a - 
-10 a 
0 0.1 0.2 0.3 0.4 0 5 10 15 20 
(c) Impact velocity (A/fs) (d) Impact Energy (keV) 


Figure 13: (a) The velocity component, perpendicular to the surface, v,, of the centre of mass of the Ag; 
cluster incident normally on graphite at an energy of 5 keV plotted as a function of depth (z). Note the linear 
decrease in velocity as the cluster slows down and comes to rest at a depth of around 3 nm. (b) The kinetic 
energy, K., associated with v,, for the Agso cluster incident normally on graphite at an energy of 5keV 
plotted as a function of depth (z). Note the linear decrease in K, for most of the range as the cluster slows 
down and comes to rest at a depth of around 2.5 nm. (c) The implantation depth of the Agso cluster plotted 
as a function of impact velocity. Note the linear dependence. The experimental data is taken from the upper 
end of the distribution after annealing as discussed in the text. (d) The implantation depth of the Ags cluster 
plotted as a function of impact energy. 
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Figure 14: (a) The implantation depth plotted as a function of the impact energy for the large 'slow' clusters 
showing a linear scaling with depth. (b) The dependence of the gradient in (a) on the cluster size (N). 
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Figure 15: The relationship between the implantation depth and the incidence angle for Ag»s cluster impacts 
at 3keV. The dotted line is a cosine curve. 


cluster size, the gradients of the lines shown in Fig. 14a are all different. Figure 14b 
shows a plot of the gradients of these lines vs. the cluster size N. The data fit well to an 
N?’ scaling, meaning that the implantation depth Doc ENT. The explanation for 
this is given in Ref. [10], namely that the energy E expended before the cluster comes to 
rest is proportional to number of carbon atoms with which the cluster collides, i.e. 
linearly dependent on the product of the implantation depth D and the cross-sectional 
area of the cluster ENZ? for some constant k. Rewriting this last relation gives the 
result Doc EJN?P, 

In addition to normal incidence clusters, the variation of implantation depth with 
incidence angle can also be investigated. Several simulations were performed project- 
ing a 3keV Ag»s cluster onto the centre of a 50 x 50 x 36 Å’ graphite slab. This 
graphite lattice contained 12 layers, which were more than enough to slow down the 
3 keV cluster. Different angles of incidence were considered. Figure 15 shows that the 
variation is cosine-like for angles up to about ~75°. The number of silver atoms 
deposited on the actual surface itself increased with incidence angle (measured relative 
to the normal) up to ~75°. For higher angles, no silver atom was implanted inside the 
surface. At these oblique incidences, the cluster footprint on the surface is also more 
spread out and takes an approximately elliptical shape as would be expected by a 
direct projection of the cluster cross-section. 

In summary, therefore, implantation of size-selected energetic clusters with graphite 
have shown good agreement with experiment, helped to guide experiment and also 
allowed explanations of the physical processes involved through the use of simple 
dynamical models. 


8. CONCLUSION AND FUTURE PROSPECTS 


Ab initio calculations have been carried out to determine the bonding arrangements of 
small clusters both as stand-alone systems and also bonded to a graphite surface. The 
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small cluster energies and bond lengths were in good agreement with experiment but 
so far there is no experimental data to confirm the predictions of all the cluster 
arrangements on the surface. Larger cluster minimum energy structures could be 
determined by a novel GA approach. Classical MD simulations have been carried out 
to investigate both the pinning of size-selected clusters on the graphite surface and the 
implantation of metal clusters below the surface. The pinning energy thresholds have 
also been shown to be in good agreement with experiment as were the implantation 
depths and indeed helped to guide the experimental technique. In addition, some 
simple formulae could be established to predict pinning thresholds and implantation 
depths. 

There are of course some gaps in the story. Only small systems have so far been 
analysed with the ab initio methodology. In addition, we have not examined the 
bonding of the clusters to surface defects by ab initio methods. Computing power is 
rapidly becoming available that will make investigations of larger clusters possible, so 
this is certainly an area where future advances seem certain. The classical potentials 
used in the MD methodology also have their origins in the 1980s. They are not always 
consistent with the predictions of the ab initio models. Thus, MD simulations are 
demanding better potentials to describe the bonding of the atoms. The reason that 
they work so well for the pinning and implantation studies is that the physical pro- 
cesses are dominated by collisions between atoms and not by bonding. The existing 
classical potentials are very good for describing collisions between atoms. The 
‘attractive’ part of the classical potential description could be better described by 
fitting to ab initio data. This is a topic of current research and the use of neural 
networks to fit such potential energy surfaces seems to bear some promise [37]. 
Another area which requires further study concerns the processes involved with 
diffusion of clusters over the surface. This requires a different approach than a direct 
time integration using MD since a typical MD time step is of the order of 10 P? sec and 
diffusive processes take place over much longer time scales. To determine the diffusion 
rates, it is necessary to evaluate all the various transitions that a cluster on a surface 
may undergo. This involves determining the heights of all the saddle points sur- 
rounding the local minimum on the potential energy surface in which the cluster is 
currently situated. A useful method for determining these saddle points is the dimer 
method [38] which can also be used in conjunction with a kinetic Monte Carlo ap- 
proach to model diffusion [39]. Finally, of course there are potentially many different 
applications of clusters on surfaces, many different surfaces that can be investigated 
and many different types of cluster, in fact enough systems to keep both modellers and 
experimentalists happy for some years to come. 
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